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Coccidiosis is an intestinal disease caused by the protozoan parasite Eimeria, of 
which E. tenella and E. maxima are a common cause of disease in the poultry 
industry, causing weight gain loss, decreased feed efficiency and mortality in 
poultry.  Coccidiosis is usually controlled by the application of anti-coccidial drugs 
or by vaccination, but drug resistance in Eimeria has been reported and vaccines 
require the passage of live Eimeria oocysts through the birds and are therefore 
expensive and difficult to produce.  Alternative solutions are to develop subunit 
vaccines and to breed chickens for resistance to Eimeria by identifying resistance 
biomarkers, both of which require characterisation of the chicken immune response 
to Eimeria.  To characterise immune responses to Eimeria, this study aimed to 
investigate the response of antigen presenting cells (APC) to Eimeria and determine 
which chicken pathogen recognition receptors (PRRs) recognise Eimeria vaccine 
candidates using in vitro techniques.  The role of T helper (Th) 17 cells during E. 
maxima and E. tenella infection was also investigated in vivo through infection of a 
commercial broiler line.  This study also aimed to identify biomarkers of Eimeria 
resistance by characterising the immune response to E. maxima and E. tenella in 
chicken lines which exhibit differential resistance and susceptibility to both these 
Eimeria spp.       
The development of chicken bone marrow-derived macrophage (BMM) and 
dendritic cell (BMDC) cultures provides an opportunity to study the responses of 
host-derived APC to Eimeria antigens and potential vaccine candidates in vitro.  
Here, both BMM and BMDC responded to an E. tenella oocyst crude lysate by 
upregulating mRNA expression of proinflammatory mediators (IL1B, IL6 and 
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NOS2), BMM appeared more regulatory in nature (upregulated IL10 mRNA 
expression) and BMDC appeared more Th1-promoting (upregulated IFNG mRNA 
expression).  Immune mapped protein 1 (IMP1) and apical membrane antigen 1 
(AMA1) are two Eimeria vaccine candidates that have been shown to elicit 
protective immunity to Eimeria.  In response to vaccine candidates IMP1 and 
AMA1, BMM responded in an inflammatory fashion through increased expression of 
IL6 and NOS2 mRNA.  These results indicate that chicken macrophages and 
dendritic cells can recognise Eimeria and Eimeria vaccine candidates and facilitate 
inflammation though production of proinflammatory cytokines, but also have roles in 
promoting Th1 responses and in immune regulation.  In order to trigger innate 
immune responses, pathogen associated molecular patterns (PAMPs) must be 
recognised by host PRRs, present on the surface of APC.  Currently it is not known 
which Eimeria PAMPs are detected by which chicken PRRs.  Use of a reporter gene 
assay identified that recombinant IMP1 and AMA1 are recognised by Toll-like 
receptor (TLR)1LB/2A heterodimers however further investigation is needed to 
determine other Eimeria PAMPs that are recognised by other chicken PRRs.   
Th1 responses are known to be important for the resolution of Eimeria infection 
however Th17 responses during Eimeria infection are less well characterised.  
Thought to contribute to immunopathology during Eimeria infection, Th17 responses 
represent a potential target in improving the outcome of Eimeria infection in 
chickens.  Surprisingly, RT-qPCR analysis revealed no changes in the mRNA 
expression of Th17-associated cytokines in the gut of E. maxima- or E. tenella-
infected Ross 308 broilers with the exception of IL21, indicating that IL-21 is acting 
in another capacity than as a Th17 effector during Eimeria infection.  IL-21 is a 
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highly pluripotent cytokine and further study would be required to characterise the 
role of IL-21 during Eimeria infection.  In order to breed chickens for resistance, 
biomarkers of Eimeria resistance must first be identified.  Line 15I and C.B12 
chickens display inverse resistance and susceptibility to E. maxima and E. tenella.  
To identify biomarkers of resistance to E. maxima and E. tenella, the immune 
response of these lines to both Eimeria spp. was phenotyped.  A higher increase in 
serum IL-10 was observed in E. maxima-infected susceptible line 15I than line 
C.B12 supporting a previous report that IL-10 is involved in susceptibility to E. 
maxima.  RT-qPCR analysis revealed earlier increases of IFNG, IL10 and IL21 
mRNA in the gut of resistant line C.B12 birds following E. maxima infection, 
indicating that a prompt immune response is a factor in resistance to E. maxima.  No 
biomarkers of resistance to primary E. tenella infection were identified and further 
interrogation of the immune responses of these lines is required, particularly in 
response to secondary E. tenella infection. 
The results of this study have furthered our understanding of the role of APCs during 
Eimeria infection and following vaccination with IMP1 and AMA1 and support 
IMP1 and AMA1 as suitable vaccine candidates.  IL-21 was identified as an 
important cytokine during Eimeria infection and further study is required to assess if 
IL-21 is beneficial or damaging to clearance of the parasite and to evaluate its 
potential as a therapeutic target.  This study also confirmed previous findings that IL-
10 is involved in susceptibility to Eimeria and identified that a rapid response is 
important for resistance to E. maxima, providing a basis for further study to identify 
biomarkers of Eimeria resistance. 
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Lay Summary 
Coccidiosis is a disease of the gut caused by a parasite known as Eimeria.  Two 
species, E. tenella and E. maxima, are a common cause of coccidiosis in the poultry 
industry, causing reduced weight gain, decreased feed efficiency and mortality in 
chickens.  Coccidiosis is usually controlled by using anti-coccidial drugs or by 
vaccination, but there have been reports that Eimeria is becoming resistant to these 
drugs and current vaccines contain whole Eimeria parasites which are expensive and 
difficult to produce.  Alternative strategies to combat Eimeria infection are to 
develop other vaccines consisting of specific Eimeria proteins or to select chickens 
which are more resistant to Eimeria infection for breeding.   
Antigen presenting cells (APC) are involved in the recognition and destruction of 
pathogens and in helping further immune responses by producing cytokines, proteins 
which exert effects on other cells.  Before an immune response can occur, the 
pathogen must first be recognised by the immune system.  To do this, proteins 
present on pathogens are recognised by receptors present on host immune cells.  An 
aim of this study is to investigate the responses of APC to Eimeria proteins that have 
potential to become vaccines and to identify which chicken receptors identify these 
proteins.  The results of this study showed that APC responded to proteins that could 
be used as vaccines by producing inflammatory cytokines and that these proteins 
were recognised by specific receptors on APC.  This shows that APC help cause 
inflammation during Eimeria infection and that the proteins tested are suitable for 
development as vaccines. 
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Another important role of APC is to guide the T helper (Th) cell response.  Th cells 
are important to ensure that the immune system remembers pathogens so that if the 
infection reoccurs, the immune system can respond quickly.  Th1 and Th2 cells are 
the two main types of Th cells.  Th1 cells are involved in immunity to pathogens that 
invade host cells whereas Th2 cells are important for immunity to pathogens that do 
not invade host cells.  Th1 cells are known to be more important in immunity to 
Eimeria than Th2 cells.  Th17 cells are a new type of Th cell that have been 
discovered in mammals and are important for inflammation.  This study aimed to 
find out if Th17 cells are involved in the immune response to Eimeria in the chicken.  
The results of this study showed that Th17 cells were not important during E. 
maxima or E. tenella infection. 
Some types of chickens are more resistant to different species of Eimeria than others.  
It is important to identify why some chickens are more resistant than others so that 
these can be selected for breeding.  The immune response to Eimeria of two types of 
chicken, one resistant to E. maxima and one to E. tenella, were studied.  High levels 
of the IL-10 cytokine was observed in the blood of chickens susceptible to E. 
maxima which shows that high IL-10 levels result in susceptibility to Eimeria.  It was 
also found that increases in other cytokines occurred more quickly in chickens 
resistant to E. maxima than in susceptible chickens which shows that the timing of 
the immune response is important to resistance.  No indicators of resistance to E. 
tenella were found. 
It is important to characterise the chicken immune response to Eimeria to identify 
potential targets for treatment for use within the poultry industry.  This study has 
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helped us to understand the immune response to Eimeria in the chicken and provided 
a starting point to select resistant chickens for breeding. 
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1.1 Chicken welfare and the poultry industry 
As the world’s population continues to grow, pressure is increasing to maximise food 
production to meet demand.  In addition, consumer demand for high welfare 
products has risen.  The poultry industry is under pressure to maximise profit and 
productivity, maintain affordability of produce and meet consumer demand for high 
welfare, high quality meat.  Disease presents one of the biggest challenges to the 
production of livestock and the poultry industry is vulnerable to a range of pathogens 
including Eimeria, avian influenza virus, infectious bursal disease virus (IBDV), 
infectious bronchitis virus (IBV), Marek’s disease virus (MDV) and Newcastle 
disease virus (NDV).  In addition, chickens can also be infected with organisms such 
as Campylobacter and Salmonella, both of which may be asymptomatic in chickens 
but cause significant disease and mortality in humans.  With the use of antibiotics 
banned across Europe in 2006 (Cogliani et al., 2011), there is a growing need to 
develop new strategies for disease control. 
1.1.1 Current strategies for control of Eimeria 
Coccidiosis is an intestinal disease caused by the protozoan parasite Eimeria.  
Eimeria infection is common in the poultry industry and results in reduced weight 
gain, decreased feed efficiency and increased mortality, costing commercial chicken 
producers in the UK alone an estimated £38 million per annum (Shirley et al., 2007).  
Within the poultry industry, coccidiosis is widely controlled through 
chemoprophylaxis with anti-coccidial drugs (coccidiostats) however drug resistance 
in Eimeria has been reported (Yadav et al., 2001; Arabkhazaeli et al., 2013).  To 
increase longevity, coccidiostats have been used in rotation to slow the development 
of Eimeria drug resistance (Clark et al., 2017).  The safety of chemical residues in 
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food-producing animals has also been questioned and both consumer and legislative 
pressure is increasing to reduce the use of coccidiostats in the poultry industry. 
Alternatively, the use of live vaccines, using both non-attenuated and attenuated 
strains of parasite, have been employed to induce a low level of infection in 
commercial flocks leading to immune protection against Eimeria.  Vaccines are 
produced through the passage of Eimeria oocysts through birds therefore their 
production is expensive and due to the high genetic diversity between different 
Eimeria spp., successful vaccines must be composed of multiple spp. of Eimeria to 
confer adequate protection in the field (Shirley et al., 2005).  Recombinant subunit 
and DNA vaccines are a potential alternative to the use of live vaccines, but again, 
high genetic diversity between and within Eimeria spp. means target antigens must 
be highly homologous across Eimeria spp. or vaccines must target multiple antigens 
(Clark et al., 2017).  Resistance and susceptibility to various Eimeria spp. has been 
demonstrated in different chicken lines (Long, 1968a; Bumstead et al., 1995; Smith 
et al., 2002), and an alternative strategy in combatting Eimeria would be to improve 
current vaccines or selectively breed chickens for resistance.  Current strategies 
under investigation are the development of subunit vaccines (Blake et al., 2011), 
DNA vaccines (Hoan et al., 2014) and transgenic Eimeria vaccines where Eimeria of 
one spp. expresses antigenic peptides of another (Marugan-Hernandez et al., 2017).  
Some attempts to breed chickens for Eimeria resistance have been successful; 
Rosenberg et al. (1954) first showed that it was possible to select birds which 
survived a high dose of Eimeria oocysts to produce resistant offspring, however 
resistance is lost after several generations.  In addition, selection of birds for an 
inherently high inflammatory phenotype results in increased resistance to E. tenella 
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(Swaggerty et al., 2015).  However, due to the high diversity between Eimeria spp., a 
chicken line may be resistant to one spp., but susceptible to another (Bumstead et al., 
1992; Smith et al., 2002), therefore there is a requirement to identify biomarkers of 
resistance to different Eimeria spp. which can then be applied for selection of 
resistant birds from a commercial population.   
1.1.2 Life cycle of Eimeria 
There are seven species of Eimeria that can infect chickens.  The most frequently 
diagnosed Eimeria spp. in the poultry industry are E. acervulina, E. tenella and E. 
maxima, and chickens can be infected with multiple strains of Eimeria 
simultaneously (Long et al., 1984).  The other species of Eimeria that infect chickens 
are E. necatrix, E. praecox, E. mitis and E. brunetti.  E. tenella, E. necatrix and E. 
brunetti cause haemorrhagic coccidiosis whereas E. acervulina, E. maxima, E. 
praecox and E. mitis cause malabsorptive coccidiosis (Long et al., 1976).   
The extracellular phase of the Eimeria life cycle begins when unsporulated oocysts 
(Figure 1-1A) are shed into the external environment in the host faeces.  The oocyst 
sporulates by a process known as sporogeny where four sporocysts each containing 
two sporozoites develop (Figure 1-1B).  Sporulated oocysts are ingested by the bird 
and taken into the gizzard where the oocyst wall breaks open and sporocysts are 
released.  Sporocysts reach the gut and on contact with the bile salts, sporozoites 
burst out (Figure 1-1C; McDougald (1998)).  The process by which sporozoites are 
released from the oocysts is known as excystation.  Different Eimeria species are 
highly selective in both their choice of host species and site of infection within that 
host; E. acervulina, E. maxima and E. tenella infect the duodenum, jejunum and 
caecum respectively (Long et al., 1976).  Upon reaching the target site of infection 
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the sporozoites invade epithelial cells of the villi tips (Johnson et al., 1970).  
Sporozoites then travel through the lamina propria to the crypt epithelium to undergo 
replication.  Replication occurs by a process known as schizogony.  The sporozoite 
forms a trophozoite that divides asexually to produce several merozoites, contained 
within a schizont (Figure 1-1D).  Merozoites then lyse out of the epithelial cells and 
invade new cells, resulting in the formation of further schizonts containing more 
merozoites (Figure 1-1E).  After a predetermined number of schizogony cycles 
(between two to four, dependent on the Eimeria spp.), a cycle of sexual replication 
occurs.  Merozoites enter the process of gamogony whereby they invade epithelial 
cells and form micro- or macro-gamonts (Figure 1-1F).  Those that are male divide 
multiple times to produce many biflagellate microgametes.  Those that are female 
develop into one larger macrogamont.  Microgametes are lysed from the host cell 
and invade cells containing macrogamonts.  Macrogamonts become fertilised by the 
microgametes and a zygote is produced which then forms an oocyst wall, forming an 
unsporulated oocyst (Figure 1-1G) which is then shed in the faeces (Vetterling et al., 
1966; Warren et al., 1967; McDougald, 1998).   
During the E. tenella life cycle (reviewed by Chapman et al., 2003), sporozoites 
invade the caecal epithelium and travel through the lamina propria to invade the 
crypt epithelium, where first generation schizonts form (first observed from 48 h).  
Resulting merozoites invade further crypt epithelial cells, which migrate through the 
basement membrane into the connective tissue, forming second generation schizonts 
(observed from 84 h) which cause major haemorrhagic pathology.  Resulting 
merozoites then invade epithelial cells at the tips of the caecal folds where third 
generation schizonts are formed (from 108 h).  Third generation merozoites then 
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invade further epithelial cells, giving rise to gametocytes (from 114 h).  E. tenella 
oocysts first appear in the faeces from 132 h post infection, lasting until 14 days post 
infection, with peak production at day 8.  During E. maxima infection, sporozoites 
invade epithelial cells of the jejunum, travel through the lamina propria and invade 
crypt epithelial cells, forming first generation schizonts (appearing between 24 to 48 
h).  Merozoites are released producing second (48 to 72 h) and third (72 to 96 h) 
generation schizonts in the epithelium of the crypt openings and villi.  Gamonts are 
observed in the villi epithelium and deeper tissue (96 to 120 h) and is the stage of the 
E. maxima life cycle which gives rise to pathology.  E. maxima oocysts first appear 
in the faeces from 138 h after infection, with peak oocyst production at day 6 (Long, 
1959; Millard et al., 1972; Rose et al., 1976; Jenkins et al., 2017).   
 
 
Figure 1-1:  The Eimeria life cycle. 
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Little is known of the mechanism by which different Eimeria species recognise their 
specific infection sites.  Vervelde et al. (1993b) identified the epitope E. TEN 11M-2 
present on both the chicken caecal epithelium and E. tenella sporozoites but the 
mechanism by which E. tenella and other Eimeria species are attracted or attach to 
their specific sites of infection is unknown.  It has also been shown that E. maxima, 
E. acervulina and E. praecox inoculated intra-caecally migrate back and cause 
infection in the small intestine and low numbers of E. praecox sporozoites inoculated 
intra-cloacally reached the small intestine (Long et al., 1976) therefore the specificity 
to infection site of Eimeria spp. is unlikely due to the length of time between 
ingestion and sporozoite release.   
1.2 Overview of the immune system 
The immune system can be simplified into two main arms; the innate and the 
adaptive immune response.  The innate response is the first line of defence against 
pathogens and comprised of physical barriers (i.e. skin), innate cells (i.e. natural 
killer (NK) cells), antimicrobial peptides (i.e. β-defensins, cathelicidins, the 
complement system) and the inflammatory response.  The adaptive response is 
mounted following the innate response, is pathogen-specific and responsible for the 
rapid clearance of pathogens upon secondary exposure (Avian Immunology, 2nd 
Edition, Chapter 7).  Adaptive immunity is comprised of cell-mediated (T cell -
mediated) and humoral (B cell- and antibody-mediated) immunity.  When the 
immune system encounters a pathogen, it is sensed via germline encoded pathogen 
recognition receptors (PRRs) present on the surface of many cell types including 
antigen presenting cells (APC) such as macrophages and dendritic cells (DCs), 
epithelial cells and NK cells.  To initiate an adaptive response, APC present antigenic 
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peptides to naïve T cells and, depending on the cytokines produced, encourage their 
development into different T helper (Th) subtypes as detailed in section 1.3.2.1, thus 
driving cell–mediated and humoral adaptive responses (Avian Immunology, 2nd 
Edition, Chapter 10).   
Lymphocytes are produced by and are able to relocate throughout the body via the 
lymphatic system consisting of lymphatic vessels, lymphoid organs and tissues and 
encapsulated lymph nodes.  While lymph nodes have been described in avian spp., 
they do not possess encapsulated draining lymph nodes as mammals do (Biggs, 
1957).  Chicken lymphoid organs include the bone marrow, thymus and the Bursa of 
Fabricius and peripheral lymphoid tissues include the Harderian gland, spleen, 
mucosa-associated lymphoid tissue (MALT), Meckel’s diverticulum (MD; the 
remnant of the yolk sac found halfway along the jejunum), caecal tonsils (CT) and 
Peyer’s patches (PP).  Haematopoetic stem cells from the bone marrow give rise to 
lymphoid and myeloid cells.  Immature T cells migrate to the thymus to mature, 
similarly as in mammals, and immature B cells migrate to the Bursa of Fabricius, 
located at the cloaca, for maturation, occurring in the bone marrow in mammals 
(Avian Immunology, 2nd Edition, Chapter 3).  The MALT includes gut-associated 
lymphoid tissue (GALT; described in section 1.4), conjunctiva-associated lymphoid 
tissue (CALT) and bronchus-associated lymphoid tissue (BALT; Avian 
Immunology, 2nd Edition, Chapter 2).   
1.3 Innate immunity 
1.3.1 Innate cells 
Chicken innate cells include macrophages, DCs, NK cells, thrombocytes, mast cells 
and heterophils (the functional equivalent of mammalian neutrophils; Petrone et al. 
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(2002)).  Macrophages are one of the most important innate cells and are vital in 
recognising and responding to pathogens, but also have roles in tissue development, 
repair and homeostasis.  Tissue-resident macrophages recognise pathogens via PRRs 
(described in section 1.3.1.1) and mediate pathogen-killing via phagocytosis and 
formation of the phagolysosome (Qureshi, 1998) and through oxidative burst, 
whereby reactive oxygen species (ROS; including peroxide, hydroxyl radicals and 
superoxides) and reactive nitrogen species (RNS; including nitric oxide and 
superoxides) are released (Sung et al., 1991; Qureshi et al., 1994).  In addition, 
macrophages can aid in inflammation and adaptive T cell responses through the 
production of pro-inflammatory cytokines (such as interleukin (IL)-1β and IL-6) and 
chemokines (such as macrophage inflammatory protein (MIP)1 and MIP2) but also 
in immune regulation through production of anti-inflammatory cytokines such as IL-
10 (Klasing, 1998; Wu et al., 2016).  Although mainly considered an innate cell type, 
macrophages are also effectors of the adaptive immune response.  Interferon (IFN)γ, 
produced as a component of the inflammatory response and as an effector cytokine 
during a Th1-polarised response (section 1.3.2.1) increases phagocytosis (Wang et 
al., 2015), production of ROS and nitric oxide synthase (NOS) and cytokine 
production (He et al., 2011) by macrophages.  Macrophages also possess Fc 
receptors and complement receptors for the recognition of antibody and complement 
opsonised pathogens respectively (Dietert et al., 1991).  Additionally, macrophages 
polarised towards an M1 or M2 phenotype have been described in mammals (Mills et 
al., 2000), although their presence has not yet been established in the chicken.  M1 
macrophages are considered important to inhibition of the pathogen, produce 
proinflammatory cytokines and are driven by IFNγ.  M2 macrophages are important 
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to resolution of inflammation, tissue repair, exhibit enhanced phagocytosis and 
production of anti-inflammatory mediators such as IL-10 (Mills et al., 2000).   
Although macrophages also have the ability to present antigens to naïve T cells, DCs 
are considered professional APCs and act as an important bridge between innate and 
adaptive immunity.  Immature DCs reside in tissues and upon recognition of 
pathogens via PRRs, migrate to areas containing naïve T cells where, following 
maturation, they can present pathogenic antigens via MHC class II molecules to 
CD4+ T cells alongside co-stimulation with CD80/CD86 expressed on APCs with 
CD28 on T cells (Young et al., 1994; Wu et al., 2010).  It is not precisely known 
where antigen presentation to naïve T cells occurs in chickens, however in mammals, 
this occurs in the lymph nodes (Ingulli et al., 1997).  DCs produce cytokines in 
response to pathogens, resulting in polarisation of Th responses (section 1.3.2.1).  
DCs are highly migratory; immature DCs express chemokine receptors CCR6 and 
CCR7 and upon maturation, down-regulate CCR6 and upregulate CCR7 expression 
in vitro (Wu et al., 2011). 
Heterophils are the main type of granulocyte in chicken blood and migrate towards 
sites of inflammation where they release proinflammatory cytokines and chemokines 
(Kogut et al., 2005b).  Heterophils, like neutrophils, are highly phagocytic and are 
able to undergo degranulation and oxidative burst (Kogut et al., 1994).  In contrast to 
mammalian neutrophils, chicken heterophils do not produce myeloperoxidase and 
therefore do not kill pathogens by oxidative burst as readily as neutrophils (Penniall 
et al., 1975).  Chicken heterophils are also capable of heterophil extracellular trap 
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(HET) formation in response to pathogens, whereby intracellular contents are 
released, trapping and killing pathogens (Chuammitri et al., 2009).  
In both birds and mammals, NK cells are large lymphocytes containing dense 
granules (Göbel et al., 1994) and are found in the intestinal epithelium and peripheral 
blood (Göbel et al., 2001).  NK cell functions include cytotoxic activity and the 
release of cytokines and chemokines and in particular, NK cells respond to and 
produce IFNγ (Merlino et al., 2002).  Intestinal intraepithelial leukocytes (IELs) have 
also been shown to exhibit NK cell activity towards NK target cells, LSCC-RP9 
(Göbel et al., 2001).  It has been shown that mammalian NK cells can respond to 
MHCI- cells, cells expressing pathogen encoded molecules and cells with up-
regulated expression of self-molecules (Ljunggren et al., 1990).  Mammalian NK 
cells exhibit cytotoxic activity by the release of cytotoxic mediators such as perforin 
and granzyme, resulting in non-specific lysis of target and host cells and transcripts 
of chicken perforin and granzyme A are upregulated following E. tenella and IBDV 
infection (Rauf et al., 2011; Wattrang et al., 2016a).  In addition, mammals also have 
NKT cells, cells that share both NK and T cell properties (Godfrey et al., 2010) 
although the presence of NKT cells has not yet been confirmed in the chicken.   
Avian thrombocytes are different to mammalian thrombocytes in that they are 
nucleated (Janzarik et al., 1979).  In birds and mammals, thrombocytes are important 
to haemostasis, production of cytokines (IL-10 and transforming growth factor 
(TGF)-β4 and upon stimulation with lipopolysaccharide (LPS), IL-1β, IL-6 and IL-
12α (Ferdous et al., 2008; Scott et al., 2008; Paul et al., 2012)) and chemokines 
(MIP1β; Lam (2002)) and wound healing (Wachowicz et al., 1981).  Avian 
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thrombocytes express Toll-like receptors (TLRs), CD80, CD86 and CD40 
(Tregaskes et al., 2005; Paul et al., 2012), indicating that they may be involved in 
antigen presentation.   
Granulocytes also include mast cells, basophils and eosinophils.  Chickens possess 
fewer of these cells than mammals (Avian Immunology, 2nd Edition, Chapter 20).  In 
chicken and mammals, mast cells are most abundant in tissues that border the 
external environment (Wight, 1970).  Chicken mast cells are not as well 
characterised as their mammalian counterparts, however histamine and serotonin-
containing granules have been identified in avian mast cells (Rose et al., 1980).  
While mostly associated with allergy in mammals, mast cells are also important to 
wound healing, immune tolerance and immune responses to bacterial and parasitic 
infections (Kaliner, 1987), can produce cytokines and ROS, and are crucial to a rapid 
response to reinfection during acquired immunity through their recognition of Ag-
specific immunoglobulin (Ig)E via Fc receptors present on the cell surface (Galli et 
al., 2005).  Although functional eosinophils have not yet been formally identified in 
the chicken, polymorphonuclear granulocytes (PMNs) with granules that readily 
stain with eosin have been identified (Maxwell, 1987).  Eotaxins, a chemoattractant 
for mammalian eosinophils, and the eotaxin receptor have not been identified in the 
chicken genome.  Mammalian eosinophils are granulocytes which circulate within 
the blood and function against multicellular parasites, such as Helminths, by 
releasing chemical mediators such as histamine, ROS and proinflammatory cytokines 
and, as are mast cells and basophils, implicated in allergy (reviewed by Rosenberg et 
al. (2013)).  Chicken basophils are found circulating in the blood and are similar to 
mammalian basophils in that they are phagocytic (Dhodapkar et al., 1982).  
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Mammalian basophils are similar to mammalian eosinophils in that they are able to 
produce histamine and bind IgE-opsonised pathogens (Stone et al., 2010).     
Epithelial cells are also important during innate immunity.  Epithelial cells, 
particularly those lining mucosal tissues, are among the first cells pathogens 
encounter and are important in pathogen recognition and facilitating immune 
responses.  Epithelial cells express PRRs on their surface (Iqbal et al., 2005; Zhang 
et al., 2012) and are able to respond to pathogens through production of cytokines 
(Li et al., 2008), chemokines (Li et al., 2009) which stimulate and attract cells 
including macrophages and heterophils, and anti-microbial peptides including β-
defensins which mediate direct microbicidal activity (Zhao et al., 2001; Zhang, L. et 
al., 2016). 
1.3.1.1 Pathogen Recognition Receptors 
The chicken immune system is able to recognise pathogen-associated molecular 
patterns (PAMPs) via PRRs present on many cells including DCs, heterophils, 
macrophages, B cells and epithelial cells (He et al., 2003; Kogut et al., 2005a).  
Different PRRs are specialised to recognise different types of PAMPs which recruit 
different signalling cascades and transcription factors in order to initiate an 
appropriate immune response to that pathogen.  The TLR family constitutes the 
major family of PRRs in both chickens and mammals; a comparison between the 
chicken and mammalian TLR families is given in Table 1-1.  Chicken TLR1LA, 
TLR1LB, TLR2A and TLR2B are the functional homologs of the mammalian 
TLR1/6/10 family.  In mammals, TLR1, 6 and 10 can form heterodimers with TLR2, 
whereas in chickens, TLR1LA and 1LB can form heterodimers with TLR2A or 2B.  
Heterodimers formed between TLR1LA or LB and TLR2A or B traditionally 
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recognise lipoproteins and peptidoglycans.  Chicken TLR1A/2B heterodimers 
recognise diacylated and triacylated lipoproteins, recognised by TLR1/2, TLR2/10 
and TLR2/6 heterodimers in mammals; chicken TLR1LB/2A heterodimers recognise 
peptidoglycan, recognised by TLR2 in mammals (Higuchi et al., 2008).  TLR4 in 
chickens and mammals recognises LPS, a common component on many bacterial 
surfaces, and is a crucial component in the LPS-receptor complex along with CD14, 
LPS binding protein (LBP) and myeloid differentiation factor (MD) 2 (Lizundia et 
al., 2008).  Chicken CD14 is a transmembrane protein (Wu et al., 2009) whereas 
mammalian CD14 is a glycosylphosphatidylinositol (GPI)-anchored protein which 
directly binds LPS (Dil et al., 2002).  Chicken TLR21 is the equivalent of TLR9 in 
mammals and recognises CpG deoxyribonucleic acid (DNA) motifs (Brownlie et al., 
2009).  TLR15 appears to be unique to avian and reptilian species.  Reported ligands 
of TLR15 are whole yeast lysates (Boyd et al., 2012) and diacylated lipopeptide from 
Mycoplasma synoviae (Oven et al., 2013).  
PRRs outwith the TLR family include C-type lectins (CLRs), RIG-I-like receptors 
(RLRs) and Nod-like receptors (NLRs).  Membrane-bound surface PRRs recognise 
microbial PAMPs such as LPS and intracellular vesicle membrane-bound PRRs 
recognise vesicle-trapped PAMPs such as viral ribonucleic acid (RNA).  There are also 
soluble cytosolic PRRs, including RLRs and NLRs.  RLRs include retinoic acid-
inducible gene I (RIG-I), melanoma differentiation-associated gene 5 (MDA5) and 
laboratory of genetics and physiology 2 (LGP2).  As in mammals, chicken MDA5 is 
important to the production of type 1 IFNs (IFNα and IFNβ) in response to 
polyinosinic:polycytidylic acid (poly I:C; Karpala et al. (2011)) and chicken LGP2 
positively regulates MDA5 signalling (Liniger et al., 2012).  RLRs are DNA helicases 
16   
and recognise viral RNA present in the cytoplasm.  RIG-I is present in avian species 
such as the duck and zebra finch but has not been identified in the chicken (Barber et 
al., 2010).  NLRs are cytosolic mammalian PRRs.  NODs (nucleotide-binding 
oligomerisation domain) have not yet been described in the chicken but the NOD-1 
sequence has been identified in the chicken genome and chickens do have NLRs (Lian 
et al., 2012).  In mammals, NOD-1 and NOD-2 bind peptidoglycan breakdown 
products of bacteria (Girardin et al., 2003).  C-type lectins including galectins, Ca2+-
dependent CLRs, siglecs and collectins are a family of carbohydrate recognition 
receptors which are all found in the chicken (Holmskov et al., 1993; Angata et al., 
2007; Ruiz et al., 2013).  Galectins are secreted, most C-type lectins are membrane-
bound and all siglecs are membrane-bound.  C-type lectins recognise glycans, present 
on pathogens (reviewed by van Kooyk & Rabinovich, 2008).   
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1.1 Adaptive immunity 
1.1.1 Cell-mediated immunity 
The type of pathogen encountered by the immune system will define its response.  In 
both chickens and mammals there are various Th cell subsets responsible for 
responding to different types of pathogen and maintaining tolerance to self-antigens.  
Peptides are presented via the major histocompatibility complex (MHC) to the T cell 
receptor (TCR), present on T cells.  MHC class I molecules are located on the 
majority of cell types in the body and present host peptides to help maintain immune 
tolerance or peptides from intracellular pathogens.  MHC class II molecules are 
mainly located on APC, heterophils and epithelial cells and present antigens from 
phagocytosed pathogens.  CD8 and CD4 (for antigens presented via MHC class I and 
MHC class II respectively) present on T cells are required as co-receptors for TCR 
recognition of MHC-bound antigen.   
1.3.1.2 T cell subsets 
Figure 1-2 provides an overview of chicken T cell subsets as defined by their TCR, 
CD8 and CD4 expression.  Mammalian T cells express one of two types of TCR; 
TCRαβ and TCRγδ.  The TCRαβ type is present on CD4+ and CD8+ T cells and 
recognises antigen in the context of MHC molecules, a requirement to mounting 
adaptive immune responses.  Chickens also have the TCRαβ however, in contrast to 
mammals, chickens have two types of β chain giving rise to two types of TCRαβ; 
TCRαβ1 and TCRαβ2 which differ in function and tissue distribution (Chen et al., 
1994).  High proportions of TCRαβ1
+ cells are observed in the intestinal epithelium 
and lamina propria, whereas TCRαβ2
+ cells are largely absent from the intestine, 
however both are present in the spleen (Chen et al., 1989).  Upon depletion of 
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TCRαβ1, birds exhibit reduced IgA in bile and in the lung mucosa and fail to produce 
IgA in response to mucosal immunisation however serum IgG and IgM are normal 
(Cihak et al., 1991). 
 
Figure 1-2:  Chicken T cells as classified by TCR, CD4 and CD8 expression and their 
putative functions.  Chicken T cells express one of three TCRs, and can be further 
subdivided by their expression of CD4, CD8αα homodimers and CD8αβ heterodimers. 
TCRγδ+ T cells which co-express CD8αα or CD8αβ have higher levels of IFNγ, FasL and 
lymphotactin expression than their CD8- counterparts indicating an activated phenotype 
which may be involved in mediating cytotoxic activity and polarisation of a Th1 response 
through IFNγ production (Pieper et al., 2008).  TCRαβ1+ and TCRαβ2+ cells co-expressing 
the CD8αβ heterodimer are considered cytotoxic T lymphocytes (Merkle et al., 1992) 
whereas those co-expressing CD4 are thought to be T helper cells, although their function 
has not been confirmed in the chicken.  Additionally, chicken T cells include a 
TCRαβ+CD4+CD8αα+ subset which proliferate in response to mitogens and can induce a 
graft versus host reaction, however their precise function is unknown (Luhtala et al., 1997).  
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Cells expressing TCRγδ are much less common than those expressing TCRαβ in the 
lamina propria of the gut, however high numbers of TCRγδ+ cells are present in the 
chicken gut epithelium (Bucy et al., 1988).  The chicken TCRγδ appears able to 
recognise antigens without the requirement of antigen processing and presentation, 
and can exhibit cytotoxic activity similar to that of CTLs (Chen et al., 1994; Schild et 
al., 1994).  The frequency of T cells expressing TCRγδ in chicken peripheral blood 
leukocytes (PBLs) can reach up to 20%, much higher than that of humans and mice 
(Cooper et al., 1991). 
1.3.1.3 T helper cells 
In mammals, depending on which cytokines are present, presentation of antigens via 
MHC class II to naïve CD4+ T cells results in the activation of different signalling 
molecules, known as signal transducer and activator transcription factors (STATs), 
which upregulate the master transcription factors for different T helper (Th) subsets.  
These transcription factors drive the production of cytokines which polarise the naïve 
T cell towards a particular Th phenotype.  Different Th subsets are defined by the 
cytokines that they produce, that drive their differentiation, and the transcription 
factors that they express (Table 1-2).       
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Table 1-2:  Chicken and mammalian Th subsets.  Highlighted red are features of Th 
responses not yet identified in the chicken.  TGF-β4 is named TGF-β1 in mammals.  CTL; 
cytotoxic T lymphocyte.  Fox; forkhead box.  GC; germinal centre.  ROR; RAR-related orphan 
receptor.  Tbet; T-box expressed in T cells.  Treg; T regulatory cell.  STAT; signal 












Th1 IFNγ, IL-12 IFNγ Tbet, STAT1 
Phagocyte and CTL 
mediated defence against 
intracellular microbes 
Th2 IL-4 




Stimulate antibody response 
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Tregs IL-2, TGF-β4 
TGF-β4,             
IL-10 
FoxP3 












defence against extracellular 
bacteria and fungi 
Th9 TGF-β4, IL-4 IL-9 PU.1, STAT6 
Proinflammatory, involved 
in autoimmunity and allergy 
Tfh IL-21 IL-21 BCL6 
GC formation, B cell 
selection and differentiation 
 
The Th1/Th2 paradigm was first proposed by Mosmann and Coffman (1989), and 
describes the polarisation of adaptive responses towards a Th1 or Th2 phenotype.  
This paradigm appears to be conserved in the chicken; responses to intracellular 
pathogens such as Marek’s disease virus (Volpini et al., 1995; Xing et al., 2000) and 
infectious bursal disease virus (Liu et al., 2010) are governed by IFNγ/Th1 cells and 
responses to helminths such as Histomonas meleagridis are governed by IL-4/IL-
13/Th2 cells (Powell et al., 2009). 
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Polarisation of naïve T cells towards a Th1 phenotype is characterised by the 
production of IFNγ (Mosmann et al., 1989).  The IFNγ produced mediates the 
effector functions of the Th1 response including enhancing phagocytosis, release of 
ROS and RNS, cytokine production and antigen presentation in macrophages, 
enhancing NK and cytotoxic T lymphocyte (CTL) cytotoxicity and IFNγ production 
(Merlino et al., 2002; He et al., 2011) and, in mammals, is shown to enhance IL-12R 
expression on T cells to further polarise the Th1 response (Mullen et al., 2001).  In 
chickens, IL-12 is a heterodimer composed of IL-12α (p35) and IL-12β (p40) which 
is also shared with IL-23 (Degen et al., 2004), however in mammals, IL-12α (p40) is 
shared with IL-23 (Aggarwall et al., 2003).  Polarisation of naïve T cells towards a 
Th2 phenotype is characterised by the production of IL-4 and IL-13 (Mosmann et al., 
1989).  Th2 responses mediate immunity though B cell activation, proliferation and 
differentiation into plasma cells, antibody class-switching, antibody production and 
polarisation of macrophages towards a regulatory and wound-healing phenotype 
through their production of IL-10 and TGF-β.  Chicken TGF- β4 is the equivalent of 
mammalian TGF-β1 (Halper et al., 2004).  In mammals, IL-5 is also a hallmark 
cytokine of Th2 responses and activates eosinophils and basophils (Kouro et al., 
2009).  The absence of IL-5 during Th2 responses in the chicken may explain the 
lack of eosinophil and basophil activity observed.  IL-5 is present in the chicken 
genome as a pseudogene (Avery et al., 2004). 
Th17 cells were first discovered in mammals by Harrington et al. (2005) and are 
characterised by their production of IL-17A, IL-17F, IL-21 and IL-22 (Korn et al., 
2009).  Th17 cells exhibit microbicidal activity, are key regulators of inflammation 
and provide immunity at epithelial and mucosal barriers.  All mammalian Th17-
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driving and effector cytokines (IL-1β, IL-6, TGF-β4, members of the IL-17 family, 
IL-21, IL-22 and IL-23) have also been identified in the chicken.  In mammals, the 
IL-17 family consists of six members; IL-17A-F.  Five of these have been identified 
in the chicken genome; IL-17A-D and IL-17F (Kaiser et al., 2005).  IL-23 and its 
receptor, IL-23R (Welch, 2015), IL-21 (Rothwell et al., 2012) and IL-22 (Kaiser et 
al., 2005) have also been identified in the chicken genome.  Only partial sequences 
of the Th17 transcription factor RORγt have been identified in the chicken genome, 
however, in mammals, RORγt is the master regulator of Th17 cells and its absence 
results in a loss of Th17 function (Ivanov et al., 2006).  In addition, CD4+ 
splenocytes expressing intracellular IL-17A and IL-17F have been identified in the 
chicken (Walliser et al., 2017).  These factors suggest that chickens do possess Th17 
responses as in mammals, which have been extensively characterised.        
Th17 responses can be driven by either IL-6 and TGF-β or by IL-23 (Ghilardi et al., 
2007) and IL-23 is required for maintaining Th17 responses (Stritesky et al., 2008).  
IL-17A and IL-17F are considered the main Th17 effector cytokines but are also a 
vital component of innate immunity at mucosal barriers and their defective 
production can lead to disease (Burkett et al., 2015).  Both these cytokines are 
pleiotropic in function and known functions of IL-17A and IL-17F in mammals 
include inducing production of proinflammatory cytokines by APCs, recruitment of 
neutrophils and macrophages to sites of inflammation, increasing production of anti-
microbial peptides such as defensins and maintaining homeostasis at mucosal 
surfaces (Mills, 2008; Ishigame et al., 2009; Song et al., 2015).  IL-17A and IL-17F 
drive the expression of IL-1β, IL-6 and in mammals, TNFα, to sustain inflammatory 
responses and drive IFNγ production in Th17 cells (Ivanov et al., 2006).  In addition, 
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IL-17A and IL-17F drive the production of anti-microbial peptides such as β-
defensins and chemokines, by lymphocytes and epithelial cells at mucosal barriers 
(Kinugasa et al., 2000).   
Although IL-17A and IL-17F are primarily considered Th17 effector cytokines, they 
are also produced by innate cells.  In mammals, NKT cells and TCRγδ+ T cells are 
capable of producing IL-17A and IL-17F in mammals; TCRγδ+ T cells when 
stimulated with IL-23 will produce IL-17A and IL-17F (Roark et al., 2008; Martin et 
al., 2009).  Stimulated APC, NK and NKT cells are also capable of producing IL-22 
(Goto et al., 2009; Xu et al., 2014; Fumgalli et al., 2016).  Early production of IL-
17A and IL-17F has been observed in chickens following Eimeria infection (Kim, 
W. et al., 2012) indicating that these cytokines are also involved in innate responses 
in chickens.   
In mammals, IL-22 stimulates epithelial cells to produce chemokines (CXCL-8, 
CCL20) for the recruitment of neutrophils, and enhances their microbial responses 
through increased production of inducible nitric oxide synthase (iNOS) and mucins 
(Ziesché et al., 2007; Raffatellu et al., 2009).  In addition, the induction of 
antimicrobial peptides from the RegIII family is dependent on IL-22 (Zheng et al., 
2008).  IL-22, a member of the IL-10 family, is also important to tissue repair; IL-22-
deficient mice exhibit delayed wound healing in the gut following dextran sodium 
sulphate (DSS)-induced colitis (Pickert et al., 2009).  IL-23 is not required for Th17 
differentiation, however is required for sustaining Th17 responses (Ivanov et al., 
2007).   
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While important to immunity at mucosal barriers, inappropriate or uncontrolled Th17 
responses are implicated in immunopathology and autoimmunity.  IL-17A and IL-
17F are responsible for chronic inflammation in rheumatoid arthritis (RA; Hot et al. 
(2011)), psoriasis (Adami et al., 2014), Crohn’s disease (Tesmer et al., 2008) and 
ulcerative colitis (Zhang, H. et al., 2016) and Th17 responses are considered a 
therapeutic target for resolution of disease (Hu et al., 2011).  Although IL-17A and 
IL-17F have been shown to drive IFNγ production, one study showed that normal 
levels of IFNγ are observed in the gut during Crohn’s disease and ulcerative colitis 
(Rovedetti et al., 2009).  Another study showed that IL-17F was dispensable for the 
development of gut inflammatory disease but IL-17A was required (Ishigame et al., 
2009).  In addition, IL-21 can drive inflammatory bowel diseases through induction 
of IL-17A; antibody-mediated depletion of IL-21 in mice results in an inability to 
develop colitis through a reduction in IL-17A production (Fina et al., 2008).   In 
addition, IL-21 can also drive gut inflammation through enhancing Th1 responses 
and it has also been suggested that IL-21 mediated Th1 responses are the cause of 
inflammation during Crohn’s disease as higher numbers of CD4+ T cells co-
expressing IL-21 and IFNγ are observed in the lamina propria compared with 
numbers of CD4+ T cells co-expressing IL-21 and IL-17A (Fina et al., 2008).  
During inflammation in the gut in mice, IL-21 also enhances the formation of ulcers 
and the breakdown of tissue through inducing epithelial cells and fibroblasts to 
produce matrix metalloproteinases (MMPs), enzymes which degrade the 
extracellular matrix (Sengupta et al., 2007).       
In mammals, T regulatory cells (Tregs) are characterised by the expression of CD4 
and CD25, their ability to produce IL-10 and their expression of the Forkhead box P3 
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(FoxP3) transcription factor.  In the chicken, higher IL-10 and TGF-β4 is produced in 
CD4+CD25+ T cells than those that lack CD25 indicating that chickens may have 
Tregs (Shanmugasundaram et al., 2011), but given that CD25 is considered an 
activation marker, further characterisation is required to determine if these are true 
Tregs.  Additionally, FoxP3, the defining Treg transcription factor, has not yet been 
identified in the chicken genome although has been identified in birds such as the 
ground tit, peregrine falcon and saker falcon genomes (Denyer et al., 2016).   
Th9 cells are a Th cell subtype more recently discovered in mammals which express 
IL-9 and IL-10.  Induction of Th9 cells requires both IL-4 and TGF-β and the 
transcription factor STAT6 (Goswami et al., 2012).  However, this subtype has not 
yet been identified in the chicken, though the relevant cytokines to induce Th9 and 
IL-9 itself have been identified in the chicken (this laboratory, unpublished).  
Follicular T helper (Tfh) cells are an additional T helper subtype found in mammals 
but which have not been formally identified in the chicken.  Driven by and producers 
of IL-21, Tfh cells are involved in formation and maintenance of germinal centres 
(GCs) of lymphoid organs and mediating the selection and survival of B cells and 
their differentiation into antibody-producing plasma cells and memory B cells (Ma et 
al., 2012).   
1.1.2 Humoral Immunity 
In the developing chicken embryo, haemopoeitic stem cells originating in the bone 
marrow relocate to the Bursa of Fabricius, where a diverse B cell receptor (BCR) and 
antibody repertoire is generated through somatic gene conversion (by Ig gene 
rearrangement in the bone marrow in mammals; reviewed by Hirano et al. (2011)).  
Naïve B cells then migrate to the periphery and upon recognition of the antigen by 
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the BCR, B cells express antigen via MHC class II molecules to CD4+ Th cells, and 
alongside co-stimulation with CD40/CD40L become activated and undergo 
proliferation and maturation.  Some of these B cells form GCs in secondary 
lymphoid tissues and, with help from Th cells and follicular DCs (fDCs), undergo 
affinity maturation and Ig class switching (reviewed in Avian Immunology, 2nd 
Edition, Chapter 4).   
Chickens have three Ig heavy chain isotypes, IgM, IgA and IgY, compared with five 
in mammals, IgM, IgA, IgG, IgD and IgE.  Chicken IgM is homologous in structure 
and function to that of mammalian IgM.  IgM is produced after initial exposure to an 
antigen and, as in mammals, its production is usually transient (Davison et al., 2008).  
Chicken IgY is the equivalent isotype to mammalian IgG.  Similarly to mammalian 
IgG, chicken IgY is the predominant isotype found in chicken sera, with high 
concentrations found in serum yolk albumin and is produced shortly following IgM 
production during initial exposure to an antigen and in response to secondary 
exposure (Rose, 1974b; Davison et al., 2008).  Although considered similar to 
mammalian IgG, chicken IgY also has similarities to mammalian IgE in that it can 
mediate anaphylactic reactions (Carlander, 2002).  Maternal IgY mediates passive 
immunity (Kowalczyk et al., 1985).  In both chickens and mammals, IgA is the 
predominant antibody isotype in bodily secretions (Bienenstock et al., 1972; Lebacq-
Verheyden et al., 1972).  No homologs of mammalian IgD or IgE have yet been 
identified in birds although some studies suggest that they do exist in birds 
(Carlander et al., 1999). 
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1.4 Chicken gut mucosal immunity 
1.4.1 Structure of the GALT 
The inner wall of the gut is lined with projections known as villi, each of which is 
comprised of an outer epithelial layer of cells overlaying the lamina propria (Figure 
1-1).  Between each villi lie the crypt regions.  The GALT is comprised of lymphoid 
cells in both the epithelium (intraepithelial lymphocytes; IEL) and lamina propria 
(lamina propria lymphocytes; LPL) and specialised lymphoid structures that line the 
gut and include the CT, PP and MD, the latter being unique to birds.  The MD is the 
remnant of the yolk sac, which both provides a source of energy in the young chick 
and is the vehicle by which maternal IgY is passed from hen to chick.  PP are 
interspersed throughout the gut and always at the ileocaecal junction (Befus et al., 
1980).  In germ-free chickens, the development of GC in the CT and of lymphoid 
tissues is greatly reduced indicating that the microbiota of the gut is important to the 
development of lymphoid structures, and GC are also formed in response to antigen 
(Thorbecke et al., 1957; Hedge et al., 1999).  Lymphoid structures comprise a 
specialised epithelium known as follicle-associated epithelium (FAE) overlying a 
lymphoid follicle.  The FAE contains microfold (M) cells; large cells which exhibit 
microvilli on their upper surface and span the epithelial layer, resulting in sub-
epithelial domains (Jeurissen et al., 1999).  In mammals, M cells are antigen-
sampling cells which transport antigens through the epithelial layer towards the sub-
epithelium, providing access to APC; the uptake of ferritin by chicken M cells has 
been demonstrated, however this was also observed in chicken epithelial cells 
(Jeurissen et al., 1999).  In addition to the FAE, M cells are also present in the Bursa 
(Bockman et al., 1973).  PP are lymphoid aggregates overlaid with villi which are 
wider and flattened in morphology in comparison with surrounding villi (Befus et al., 
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1980).  Directly underneath the FAE of PP are high numbers of lymphocytes and 
more organised lymphoid follicles which contain T cell-rich (with the majority 
expressing TCRαβ1 and CD4) regions surrounding a B cell-rich GC, the site of 
mature B cell proliferation, differentiation, antibody class switching and the 
formation of memory B cells.  B cells within this region express the chB6 antigen 
(Jeurissen et al., 1989) and the majority of plasma cells present in the GC are IgY+ 
with fewer IgA+ and IgM+ cells (Burns, 1982).  Within the GC, fDCs, which express 
complement and Fc receptors, are also present (Jeurissen et al., 1992) and are able to 
bind opsonised antibody for recognition of B cells via the BCR, allowing for 
selection of B cells into memory B cells.  These fDCs also produce B cell-activating 
factor (BAFF), a B cell survival factor, and express CD40L, required as a 
costimulatory molecule for CD40 on B cells and therefore maintaining B cell 
proliferation and maintenance of the GC (Elgueta et al., 2009).  Naïve B cells in the 
periphery are also able to recognise and process antigens, which they can then 
present via MHC class II to Tfh cells at the T:B cell boundary of the GC.  Th 
signalling, including cytokine and BAFF production, results in B cell proliferation 
and Ig secretion (Vainio et al., 1984).  In response to Th cell and fDC signals, B cells 
can differentiate into short-lived plasma cells which produce low-affinity antibodies 
or into memory B cells (Yasuda et al., 1998).  The CT are structurally and 
functionally similar to the PP and are located at the entrance to each caeca. 
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Figure 1-3:  Schematic representation of immune cells in the small intestine of chickens and 
mammals.  Adapted from Avian Immunology (2nd edition).  
 
The presence of Paneth cells in the chicken has been suggested as the intestinal 
epithelium is a site of production of lysozyme and β-defensins (Wang et al., 2016).  
Mucus-producing goblet cells are found interspersed throughout the gut epithelium 
of chickens, although these cells tend to be absent from the FAE.  The mucus 
produced by these cells forms a barrier between the epithelium and the external 
environment and is comprised of mucins.  Nine mucin genes have been described in 
the chicken however, MUC2, a gel-forming mucin, is the main mucin in the intestine 
of both chickens and mammals (Gum et al., 1994; Jiang et al., 2013).  IgA is also an 
important component of mucus in both chickens and mammals (Zhang et al., 2015).  
In addition, gut epithelial cells of both mammals and chickens constitute a physical 
barrier between the host and the external environment and express MHC class I 
molecules.  Under conditions of inflammation, mammalian epithelial cells can 
upregulate their expression of MHC class II allowing for interaction between gut 
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epithelial cells and T cells (Thelemann et al., 2014) however little is known about 
these interactions in the chicken. 
1.4.2 Intestinal LPLs and IELs 
Immune cell populations in the gut include macrophages, heterophils, DCs, NK cells, 
B cells and T cells and these can be further subdivided by their location, either to the 
lamina propria (LPLs) or epithelium (IELs).  In the chicken, the IEL population 
consists of NK and T cells expressing either TCRγδ or TCRαβ1.  A large fraction of 
IELs express the CD8αα homodimer, whereas circulating CD8+ cells express the 
CD8αβ heterodimer.  Relatively few IELs express CD4, similarly as to mammals 
(Hoggenmueller et al., 1993).  Many chicken T cell IELs express TCRγδ (Cooper et 
al., 1991).  B cells are largely absent from the chicken intestinal epithelium, although 
a subset of epithelial NK cells expressing the B cell marker, chB6, are present 
(Vervelde et al., 1993a).  Macrophages and heterophils are more or less absent from 
the chicken intestinal epithelium (Hoggenmueller et al., 1993), however infection 
can lead to translocation of heterophils across the epithelium (Kogut, 2002).  The 
location of NK and T cells in the epithelial layer means that they are some of the first 
cells to establish contact with invading pathogens and are mediators of innate 
immunity.  NK and T cells are able to recognise pathogens via PRRs on their surface, 
and in doing so, orchestrate inflammatory responses through the production of 
proinflammatory cytokines and cytotoxic activity (Chai et al., 1988).  TCRγδ+ cells 
have been shown to be capable of cytotoxic activity, cytokine production, including 
IFNγ, and regulatory functions (Quere et al., 1990; Chen et al., 1994). 
The lamina propria is populated with a more diverse array of cell types than the 
epithelium including T cells, B cells, macrophages, DCs, NK cells and heterophils.  
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In the chicken, the vast majority of LPLs are T cells, B cells, macrophages and DCs 
with some NK cells.  In chickens, T cells in the lamina propria are mainly CD4+, 
CD8α+, TCRαβ1
+ cells although some TCRγδ+ cells are present (Bucy et al., 1988).  
Of the TCRαβ1
+ population, the majority of cells co-express CD4 as opposed to 
CD8.  Of the TCRγδ+ LPL population, some are CD8+ but the population of 
CD4+TCRαβ1
+ T cells is much larger and TCRαβ2
+ cells are largely absent from the 
intestine (Char et al., 1990).  Adaptive immunity in the gut is characterised by 
increased numbers of CD4+, CD8+and TCRαβ1
+ T cells and chB6+ B cells in the 
lamina propria.  NK cells in the lamina propria are mostly TCR-chB6-, but do possess 
an intracellular CD3 complex and surface CD8αα, are similar to mammalian NK 
cells in morphology and display cytotoxicity against the LSCC-RP9 tumour cell line, 
an NK cell target (Göbel et al., 1994).   
The B cells in the lamina propria are mainly IgA-secreting and account for the large 
concentrations of IgA observed in the intestinal mucosa in comparison with IgM and 
IgY (Lebacq-Verheyden et al., 1972).  Chicken IgA is transported through the 
epithelial layer through interaction with the polymeric Ig receptor (Rose et al., 1981).   
Macrophages (expressing the chicken mannose receptor (MRC)1L-B and colony 
stimulating factor (CSF)1R) also constitute a large population of cells in the lamina 
propria and many heterophils are also present (Mast et al., 1998; Wells et al., 1998).  
During infection, macrophages are able to recognise pathogens and mediate direct 
pathogen killing though phagocytosis and production of ROS and RNS, help mediate 
inflammatory responses through cytokine production, and act as a bridge between the 
innate and adaptive response, through antigen presentation and production of Th-
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priming cytokines.  Heterophils infiltrate the gut early on during infection and 
contribute to pathogen destruction and recruitment of other cells through expression 
of proinflammatory cytokines (Kogut, 2002).  Heterophils and macrophages are also 
producers of anti-microbial peptides such as β-defensins and cathelicidins, 
contributing to innate mucosal immunity (Evans et al., 1994; Zhao et al., 2001). 
1.5 Immune response to Eimeria 
Infection of chickens with Eimeria induces both innate and adaptive responses, 
including increased heterophil activity, NK cell activity, T cell activation and 
antibody production and the outcome is dependent on a host of factors including the 
spp. of Eimeria, the genetics of the host and the severity of infection. 
1.5.1 Innate responses to Eimeria 
Eimeria infection results in an inflammatory immune response characterised by 
increased production of proinflammatory mediators (reviewed by Min et al. (2013)) 
and infiltration and activation of innate cells such as macrophages and heterophils, 
capable of phagocytosis and release of ROS and RNS to control the pathogen 
(Petrone et al., 2002; Lillehoj et al., 2004).  It is likely that APC, including 
macrophages and DCs, fulfil multiple roles during Eimeria infection including 
phagocytosis, production of proinflammatory, regulatory and Th-promoting 
cytokines, production of ROS and RNS (such as H2O2 and NO) and antigen 
presentation for the development of cell-mediated and humoral responses.  During 
first exposure to E. tenella sporozoites, significantly more sporozoites are located 
next to or within macrophages compared to that of immune chickens indicating that 
macrophages are important in the first line of defence against Eimeria (Vervelde et 
al., 1996).  Alternatively, it has been suggested that macrophages are involved in the 
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transport of sporozoites to the crypt regions as indicated in early studies where large 
numbers of E. tenella and E. acervulina sporozoites were observed within 
macrophage-like cells (Challey et al., 1959; Doran, 1966).  Increased macrophage 
numbers have also been identified in the gut following E. acervulina primary 
infection and E. maxima secondary challenge in chickens (Cornelissen et al., 2009),  
E. falciformis infection in mice (Schmid et al., 2014) and during E. bovis infection in 
cattle (Taubert et al., 2009) and therefore it follows that macrophages are important 
cells in the response to Eimeria.   
While little is known about the direct responses of macrophages to Eimeria infection 
in vivo, the response of various chicken macrophage cell lines to various Eimeria 
antigens has been examined.  Chow et al. (2011) investigated the response of a cell 
line, characterised by Rath et al. (2003) as having macrophage-like properties, to 
various recombinant surface antigens (rSAGs) expressed on E. tenella sporozoites.  
The cell line, named HTC cells, increased nitrite production and IL1B, IFNG, IL10 
and NOS2 messenger RNA (mRNA) production in response to E. tenella surface 
antigens (SAGs) 4 and 12 and E. tenella merozoite crude lysate.  In the same cell line 
in response to E. acervulina sporozoites, increased IL18 expression was also 
observed and differential Th1-promoting responses were observed in response to E. 
tenella (IFNG was upregulated), E. maxima and E. acervulina (IFNG was 
downregulated) sporozoites (Dalloul et al., 2007).  To date, the role of DCs in 
Eimeria infection has not been widely explored due to the lack of clearly defined 
markers to distinguish chicken DCs from macrophages, although some success in 
reducing oocyst shedding and increasing weight gains has been observed in using so 
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called DC-derived exosomes loaded with E. tenella, E. maxima or E. acervulina 
antigens to immunise chickens prior to challenge (delCacho et al., 2012). 
Heterophils form one of the first lines of defence against invading pathogens that 
display high levels of phagocytosis and can undergo processes such as oxidative burst 
and degranulation.  Increased heterophils infiltrate the mucosa following E. tenella 
infection (Petrone et al., 2002) and heterophils (as did macrophages) isolated from 
peripheral blood showed increased transcripts of TLR4 and TLR15 when stimulated 
with both live and heat-killed E. tenella oocysts (Zhou et al., 2013).  Formation of the 
neutrophil extracellular trap (NET) by bovine neutrophils has been observed in vitro 
in response to E. bovis sporozoites (Behrendt et al., 2010) and in caprine neutrophils 
to E. arlongi sporozoites (Silva et al 2014).  The formation of HETs in response to 
Eimeria by chicken heterophils has not yet been reported, but chicken heterophils do 
have the ability to form HETs similarly as in mammals (Chuammitri et al., 2009).  
NK cells, present in the intestinal epithelium, are one of the first innate cells to come 
into contact with Eimeria sporozoites therefore it is likely they are an important first 
line of defence against Eimeria.  Hong et al. (2008) demonstrated that chicken NK 
lysin, an anti-microbial and anti-tumour peptide expressed by NK cells and T cells, 
demonstrates cytolytic activity when incubated with E. acervulina and E. maxima 
sporozoites in vitro.  Following E. acervulina infection, NK lysin expression was 
upregulated from 7 dpi onwards, at 4 dpi with E. maxima infection and 3 dpi and 
then 6 dpi onwards with E. tenella infection in chicken IELs (Hong et al., 2006a).  
Another study found that IEL NK cell activity decreased initially following E. 
maxima and E. acervulina infection in chickens but increased at 8 dpi and following 
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homologous challenge (Lillehoj, 1989).  In contrast to these findings, E. vermiformis 
challenge experiments in mice revealed no significant role for NK cell activity 
during infection.  Mice with defective NK cell cytotoxic activity were not more 
susceptible than control mice to E. vermiformis infection and similar levels of 
parasite replication were observed in both groups of mice (Rose et al., 1995).  
Additionally, Smith et al., (1994) found that NK cell activity correlated with 
enhanced control of infection with E. vermiformis, however treatment of mice with 
an anti-aslio GM (anti-NK cell) antibody did not reduce control of the parasite. 
Eimeria antigens, including profilin, enhance human NK cell activity and IFNγ 
production and are being explored as potential adjuvants for treatment of infectious 
disease and cancer (Aylsworth et al., 2013). 
1.5.2  Cell-mediated immunity to Eimeria  
Eimeria is highly immunogenic and elicits a high degree of protection to 
homologous challenge, but following heterologous challenge with different Eimeria 
spp. and strains within a spp., very little or no cross-protection is conferred (Rose et 
al., 1962; Rose, 1967; Long, 1974; Smith et al., 2002).  T cells are an important 
aspect to primary and secondary Eimeria infection and in the development of 
protective immunity (Rose et al., 1970).  It appears that CD4+ T cells coordinate and 
induce protective immunity and CD8+ T cells execute effector functions to control 
parasite development during primary and secondary infection.  Both CD4+ and CD8+ 
T cells increase following Eimeria infection.  During E. tenella infection in chickens, 
the population of both CD4+ and CD8+ T lymphocytes increased the lamina propria 
in both naïve and immune chickens (Vervelde et al., 1996).  Following E. maxima 
infection, CD4+ T cells infiltrated the lamina propria and CD8+ cells increased in 
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both the lamina propria and the epithelium of the chicken jejunum (Rothwell et al., 
1995).  Swinkels et al. (2006) also reported an increased percentage of CD8α+ cells 
in the duodenum of day old chicks following E. acervulina infection, but birds of this 
age failed to increase IFNγ production following infection.  Increased numbers of 
CD4+ T cells were observed in the jejunum, caecum and duodenum following single 
infection with E. maxima, E. tenella and E. acervulina respectively, however 
increased numbers of CD8+ T cells were observed in the duodenum of E. 
acervulina–infected birds only.  However, co-infecton with all three of these Eimeria 
spp. resulted in increased numbers of CD8+ T cells in both the duodenum and 
caecum (Cornelissen et al., 2009).  Increased numbers of CTLs (CD8β+TCRγδ-) 
were also observed following primary E. tenella infection, but these increases were 
less pronounced following secondary and tertiary infection (Wattrang et al., 2016b). 
Various studies have also examined the effects of CD4 and CD8 depletion on 
immunity to Eimeria.  Antibody-mediated depletion of CD4 during E. tenella 
infection enhanced oocyst shedding, but not during E. acervulina infection and that 
CD4-depletion did not affect the development of protective immunity (Trout et al., 
1996).  The same study showed that in CD8- or TCRαβ-depleted chickens, reduced 
oocyst shedding occurs following E. tenella or E. acervulina primary infection but 
increased following secondary infection.  During E. acervulina infection in chickens, 
intestinal CD8+ T cells did not increase after primary infection, but increased with 
secondary infection, indicating a role in protective immunity (Trout et al., 1996).  
These studies indicate that CD4+ T cells are required for immunity during primary 
infection, whereas CD8+ T cell effector functions are required for immunity to 
Eimeria following secondary exposure to the parasite.   
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Studies in rats and mice have indicated that CD4+ T cells are important in immunity 
to primary infection and in the development of protective immunity.  During E. 
nieschultzi infection, athymic rats develop no resistance to secondary infection and 
pass a greater number of oocysts during primary infection (Rose et al., 1979).  Rose 
et al. (1992) showed that pre-treatment of mice with an anti-CD4 antibody prior to E. 
vermiformis and E. pragensis infection resulted in increased faecal oocyst shedding 
and reduced immunity to subsequent homologous challenge, whereas anti-CD8α 
treated mice had increased faecal oocyst counts after secondary infection, indicating 
that CD8α + T cells are important to controlling Eimeria during secondary challenge.   
TCRγδ+ cells are present in the intestinal epithelium and lamina propria although 
their importance during Eimeria infection is not well understood.  In response to E. 
acervulina an increase in TCRγδ+ cells is observed in the duodenum (Swinkels et al., 
2006) and in both a slow- and fast-growing chicken line increased TCRγδ+ cells 
were present in the duodenum 7 days after primary infection with E. acervulina and 
at 4 days after secondary challenge (Choi et al., 2000; Swinkels et al., 2007).  In 
murine studies, TCRαβ-deficient mice had higher oocyst outputs than TCRαβ/γδ-
deficient mice following E. vermiformis infection and adoptive transfer of TCRγδ+ 
cells from the mesenteric lymph nodes (MLN) of both naïve and previously infected 
mice resulted in decreased oocyst shedding (Smith et al., 2000a), indicating that 
TCRγδ+ cells are important to protection against Eimeria but do not help impart 
specific protective immunity.  Another study found that, in the absence of TCRγδ+ 
cells, exacerbated immunopathology was observed during E. vermiformis infection 
(Roberts 1996), indicating that TCRγδ+ cells may have a regulatory role during 
Eimeria infection.  However in contrast, another study in mice challenged with E. 
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vermiformis, depletion of TCRγδ+ IELs with a GL3 monoclonal antibody had no 
effect on faecal oocyst count in the mice or on immunity to secondary challenge 
(Rose et al., 1996). 
1.5.2.1 T helper responses to Eimeria  
During Eimeria infection, increased IFNγ is produced from early time points 
onwards thus contributing to the innate inflammatory response and orchestrating the 
Th1 response.   Increased IFNγ is produced at the site of infection in chickens 
infected with E. acervulina, E. maxima and E. tenella (Byrnes et al., 1993; Rothwell 
et al., 2000; Shirley et al., 2007).  Furthermore, pre-treatment of chickens with 
recombinant IFNγ resulted in improved weight gains compared to those not treated 
with IFNγ following infection with E. acervulina (Lowenthal et al., 1997).  In 
chickens also pre-treated with recombinant IFNγ, the ability of E. tenella to replicate 
within the host was greatly reduced and as a result, chickens given IFNγ reduced 
oocyst output following infection (Choi et al., 1999).  Breed et al. (1997) suggested 
that at 8 dpi with E. tenella, a subset of antigen-specific CD4+ T cells circulate within 
the blood, primed to proliferate and produce IFNγ in response to secondary exposure 
of E. tenella sporozoites.  A similar population appears to exist in the spleen which 
migrate towards sites of infection following secondary E. tenella challenge (Rothwell 
et al., 2000).  During E. falciformis and E. pragensis infection in mice, IFNγ 
deficient mice display severe pathology compared with those with intact IFNγ 
production and have reduced weight gain at both primary and secondary infection 
(Rose et al., 1992; Pogonka et al., 2010). 
A Th2 immune response to Eimeria has not yet been observed.  However, the Th2 
response drives antibody-mediated immunity and a small number of roles for 
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humoral immunity have been observed in response to Eimeria infection (Davis et al., 
1979; Zigterman et al., 1993), and these are described in section 1.5.3. 
Immunity to other protozoan parasites including Toxoplasma (Dupont et al., 2012), 
Leishmania (Castellano et al., 2009), Cryptosporidium (Ehigiator et al., 2007) and 
Plasmodium (Radosevic et al., 2010) is also mediated by Th1 responses.  During T. 
gondii infection, IFNγ is important to resistance and enhances phagocytosis by 
macrophages and cytotoxic activity by CTL (Ely et al., 1999).  In addition, IL-12 
produced by APC induces IFNγ production by NK, CD4+ and CD8+ cells (Hunter et 
al., 1995).  However, Th2-related cytokines appear to be important for regulating 
Th1 responses and cell mediated immunity.  IL-10 reduces macrophage IL-12 
production, thereby reducing IFNγ production by NK and Th1 cells (D'Andrea et al., 
1992).  In addition, IL-10 synergises with IL-4 and TGF-β to reduce the development 
of Th1 responses and therefore reducing subsequent immunopathology (Oswald et 
al., 1992).   Resistance to L. major is dependent on the polarisation of the Th 
response towards a Th1 phenotype; wild type mice are resistance compared to IFNγ-/- 
mice (Swihart et al., 1995) where enhanced Th2 responses are observed (Wang et al., 
1994).  During Cryptosporidium parvum infection, antibody-mediated depletion of 
IL-12 results in reduced IFNγ production and increased disease severity (Urban et 
al., 1996).  However, during Cryptosporidium infection in mice, increased IL-4-
producing T cells are observed during the resolution of infection, indicating they are 
important in establishing humoral immunity and preventing prolonged infection 
(Aguire et al., 1998).   
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Th17 cells have a role in promoting pro-inflammatory mediators and recruiting 
neutrophils to sites of infection in mammals.  During infection with E. tenella, 
transcripts of IL1B, IL6, IL17A and TGFB4 (the cytokines which promote Th17 
differentiation) are up-regulated in the caecum of infected chickens and increasing 
numbers of heterophils infiltrating the caecum have been observed.  IL17A and 
IL17F mRNA were upregulated in the jejunum of E. maxima-infected chickens (Kim 
et al., 2012; Kim et al., 2014) and IL17F increased in the caecum of E. tenella-
infected chickens (Kim et al., 2012).  In IL-17 antibody-neutralised chickens, 
increased mRNA expression of Th1 cytokines, IL12 and IFNγ, was observed 
suggesting that Th17 cells down regulate Th1 responses (Zhang et al., 2013).  In 
murine E. falciformis infection, IFNγ-/- mice had increased immunopathology and 
morbidity due to an excessive Th17 (IL-17 and IL-22) response.  However, a novel 
anti-parasitic role for IL-22 was observed, whereby IL-22-dependent antimicrobial 
peptides (RegIIIβ and RegIIIγ) were present in the intestinal tissue of infected mice 
(Stange et al., 2012). 
During immunity to protozoans other than Eimeria, it is unclear if Th17 responses 
contribute to increased immunopathology or help to clear infection.  In mice, Th17 
cells play a role in Trypanosome cruzi infection, regulating parasite-induced 
myocarditis by down-regulating IFNγ, TNF-α and IL-12 (Guedes et al., 2010).  In 
addition, antibody-neutralisation of IL-17A in mice infected with T. cruzi resulted in 
increased parasite burden (Mou et al., 2010).  However, in IL-17RA-/- mice 
challenged with T. gondii, mice display increased parasite burden in the gut, spleen 
and brain (Kelly et al., 2005) and higher levels of IL-17A-producing CD4+ T cells 
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are observed in the spleen and liver of susceptible mice compared with resistant mice 
following T. congolense infection (Mou et al., 2010). 
1.5.3 Humoral response to Eimeria 
Although immunity to Eimeria tends to be mainly cell-mediated, humoral immunity 
is also involved.  High titres of Eimeria-specific IgY, IgA and IgM antibodies are 
detectable in serum and intestinal secretions from approximately 9 to 20 days post 
infection (Rose, 1974a; Trees et al., 1989).  The response of B cell deficient chickens 
to Eimeria has been studied through abrogation of the Bursa of Fabricius.  
Hormonally and chemically bursectomised chickens exhibit increased oocyst 
shedding and clinical disease in response to E. maxima and E. acervulina compared 
to non-bursectomised control chickens, although chickens still displayed substantial 
immunity during secondary infection, including decreased oocyst production, when 
compared with primary infection and control birds (Rose et al., 1979).  In another 
study, hormonal bursectomy of chickens had no significant effect on the immune 
response to E. tenella unless treated with cyclosporin A, when reduced resistance 
was observed (Lillehoj, 1987).  These findings lead to the conclusion that immunity 
to Eimeria in chickens is predominantly T lymphocyte-dependent although a minor 
role exists for B cell antibody-mediated immunity.  
Passive immunity also has a role in protection against Eimeria.  Maternal antibodies 
are transferred to the chick hatchling via the yolk and infection with E. maxima in 
hens results in a high degree of passive immunity to the same species in chicks and 
partial protection against challenge with E. tenella (Smith et al., 1994).  Studies have 
also examined the effects of serum transfer from Eimeria-immune birds to Eimeria 
naïve birds.  Antibodies in chicken sera after Eimeria infection provided passive 
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immunity to chickens challenged with the same species (Rose, 1974b).  However, 
serum taken from E. tenella-immune fowls and transferred to E. tenella-naïve birds 
did not provide any protection (Pierce et al., 1963).   
The role of IgA during Eimeria infection has also been studied.  Chickens 
immunised with E. tenella oocysts had increased E. tenella sporozoite-specific IgA 
titres in the bile at 9 days post-immunisation compared to control chickens.  
However, at 18 days post-immunisation, bile IgA titres decreased but were still 
higher than those of control birds (Rose et al., 1987).  Secretory IgA, present in the 
gut lumen of immune chickens, is thought to block E. tenella sporozoite entry into 
host cells (Davis et al., 1979; Zigterman et al., 1993).   
1.6 Aims and Hypothesis 
The overarching aim of this study was to identify biomarkers of resistance to Eimeria 
infection in the chicken.  By identifying biomarkers of Eimeria resistance, it will be 
possible to test if they are suitable predictors of resistance in commercial broiler 
populations, providing a basis for selection of resistant chickens for breeding.  In 
order to identify biomarkers of resistance, knowledge of the immune response to 
Eimeria is first required.  This study therefore aimed to further phenotype the innate 
immune response to Eimeria, further characterise the role of Th17 responses during 
infection and identify biomarkers of Eimeria resistance and susceptibility in chickens 
which display natural resistance and susceptibility to infection.     
As Eimeria elicits an inflammatory immune response and protective immunity in 
chickens, it is likely that Eimeria sporozoites are recognised by cells capable of 
driving inflammation and adaptive responses.  The hypothesis is that chicken APC 
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recognise Eimeria sporozoites via TLRs present on the cell surface, respond to 
sporozoites by producing proinflammatory and Th-driving cytokines and in doing so, 
help to facilitate both the primary immune response to infection and protective 
immunity in response to primary infection or vaccination.  To test this hypothesis, 
the responses of chicken bone marrow derived-macrophages and DC stimulated with 
an E. tenella oocyst crude lysate and recombinant immune mapped protein (IMP)1 
and apical membrane antigen (AMA)1 from E. maxima and E. tenella, two potential 
vaccine candidates, will be investigated by reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR) to detect changes in the expression of 
proinflammatory and Th-promoting cytokines.  A reporter gene assay will be used to 
determine if IMP1 and AMA1 are potential ligands for chicken TLRs. 
Th17-associated cytokines are upregulated following infection with Eimeria spp. 
(Kim et al., 2012; Kim et al., 2014) and during E. tenella infection, neutralisation of 
IL-17A reduced immunopathology in chickens (Zhang et al., 2013).  The hypothesis 
is that Th17 responses contribute to immunopathology during E. maxima and E. 
tenella infection in a commercial broiler line.  This hypothesis will be tested by 
orally infecting Ross 308 broilers with E. maxima or E. tenella and characterising the 
Th17 response following infection by using RT-qPCR to analyse the expression of 
Th17-associated cytokines in the gut following infection.  Analysis of gut tissue by 
immunocytochemistry (ICC) will also highlight changes to cell subpopulations 
during infection. 
White Leghorn chicken lines 15I and C.B12 exhibit inverse susceptibility and 
resistance to E. maxima and E. tenella (Bumstead et al., 1995; Smith et al., 2002).  
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The hypothesis is that since these lines vary in their resistance and susceptibility to E. 
maxima and E. tenella, their immune responses during infection will differ.  To test 
this hypothesis, both these lines will be infected with E. maxima or E. tenella and 
differences in cytokine expression in the gut of the two lines determined by RT-
qPCR.  In addition, ICC will be used to characterise differences in cell 
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2.1 Bacterial and molecular techniques 
2.1.1 Bacterial cultures and storage 
2.1.1.1 JM109 culture and preparation of glycerol stocks 
Plasmids were grown in competent JM109 Escherichia coli (Promega).  Single 
colonies were inoculated into 5 ml Lysogeny Broth (LB) medium (10 g/L tryptone, 5 
g/L yeast extract, 8.56 mM NaCl (pH 7.0)) and incubated overnight at 37°C, 5% CO2 
at 200 rpm.  Cells were pelleted at 1,500 x g for 5 min and plasmids were extracted 
using the QIAprep Spin Miniprep or Maxiprep kit (Qiagen) as per the manufacturer’s 
instructions, or glycerol stocks prepared by re-suspending cells in 15% glycerol 
(Fisher Scientific), 50% Super Optimal Broth (SOB; 20 g/L tryptone, 5 g/L yeast 
extract, 8.56 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4) and stored at -
80°C.   
2.1.2 Sub-cloning techniques 
2.1.2.1 Primer design 
Primers for PCR (Sigma) were designed using plasmid sequences as templates.  
Primers were approximately 20 bp in length, contained a guanine/cytosine content of 
40 to 60% and had a melting temperature of approximately 58°C.  For amplification 
of genes with the addition of both a 5’ and 3’ restriction site, primers were designed 
with additional restriction sites at both ends.   
2.1.2.2 Amplification of target genes by PCR 
Target genes were amplified using the Phusion High Fidelity PCR kit (New England 
Biosciences).  Reactions were in 10, 25 or 50 µl volumes containing 50 to 100 ng 
template DNA, 0.75 mM MgCl2, 0.1 µM each primer, 1 X Phusion HF reaction 
buffer, 1 U Phusion HF polymerase, 0.1 µM dNTPs (Promega) and nuclease-free 
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water (Ambion) to the final volume.  PCR was performed using a Peltier 
Thermocycler (MJ Research) to the following program: 
Denaturation step (one cycle): 
98°C for 3 min 
First annealing step (five cycles): 
95°C for 1 min 
X°C for 30 s (where X equals the melting temperature of the primers minus any 
additional restriction sites) 
72°C for 1.5 min (30 s of elongation was allowed for every kb of target) 
Second annealing step (thirty cycles): 
95°C for 1 min 
Y°C for 30 s (where Y equals the melting temperature of the primers including any 
additional restriction sites if any) 
72°C for 1.5 min (30 s of elongation was allowed for every kb of target) 
Elongation step (one cycle): 
72°C for 10 min  
In PCR where primers did not include additional restriction sites to be added to the 
target gene, amplification was performed by thirty-five cycles of one annealing step 
using the appropriate melting temperature for the primer pair.  Reaction products 
were screened for the presence of the inserted gene using 1% agarose gel 
electrophoresis (2% agarose for short products).   
2.1.2.3 TA Cloning into the pGEM®-T Easy Vector 
A-tailing reactions were performed using the Taq DNA Polymerase kit (Invitrogen) 
in a 10 µl reaction containing 1 U Taq polymerase, 1 X PCR buffer, 2.5 mM MgCl2, 
0.5 µM dATP (Promega) and 4 µl PCR product.  Reactions were for 30 min at 72°C 
in a Peltier Thermocycler.  Varying quantities of A-tailed product were ligated into 
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pGem®-T Easy using the T4 DNA ligase kit (Promega) in 10 µl reactions containing 
50 ng pGem®-T Easy vector, 1 U T4 ligase and 1 X Rapid Ligation Buffer.  Ligation 
reactions were at RT for 1 h or 4°C overnight.   
2.1.2.4 JM109 Transformation 
JM109 cells were thawed on ice.  Two µl plasmid DNA and 50 µl JM109 cells were 
mixed gently in an Eppendorf, incubated on ice for 20 min, at 42°C for 45 s then for 
2 min on ice.  The cells were resuspended in 950 µl SOB and incubated at 37°C, 5% 
CO2 for 1 h at 200 rpm.  Cells were centrifuged at 1,000 x g for 10 min to pellet, 
resuspended in 200 µl SOB and 100 µl spread onto duplicate LB agar (LB medium 
with 1.5% agar) plates and incubated overnight at 37°C, 5% CO2.   
Bacteria transformed with pGEM®-T Easy or pSecTag2 A-based plasmids were 
selected with 100 µg/ml ampicillin (Fisher Scientific).  To screen bacteria 
transformed with pGEM®-T Easy-based plasmids by blue/white screening, 100 µl 
100 mg/ml isopropyl β-D-1-thiogalactopryanoside (IPTG; Fisher Scientific) and 20 
µl 50 mg/ml 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal; Fisher 
Scientific) was spread onto LB agar plates and air-dried prior to use.  To confirm the 
presence of insert genes in transformed colonies, PCR was performed as in section 
2.1.2.2.  A pipette tip was used to pick up colonies which were placed into 50 µl 
nuclease-free water, incubated at 95°C for 5 min and 2 µl used as a template for the 
PCR.   
2.1.2.5 Enzymatic digestion of plasmid DNA 
Restriction digest reactions were prepared in nuclease-free water containing 1 µg 
plasmid DNA, 1 U restriction enzyme (Promega, New England Biosciences or 
Roche) and 1 X reaction buffer (provided with restriction enzyme) and incubated at 
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37°C for 1 h.  When two restriction enzymes incompatible with the same reaction 
buffers were required, digestions were performed consecutively.  Product was 
purified using the QIAquick PCR Purification kit (Qiagen) according to the 
manufacturer’s instructions before the second digestion.  Digested DNA was purified 
by 1% agarose gel electrophoresis and the QIAquick gel extraction kit (Qiagen) used 
according to the manufacturer’s instructions to purify bands of interest prior to 
ligation using the T4 DNA ligase kit (section 2.1.2.3).  Plasmid concentrations were 
determined using the NanoDrop ND-1000 spectrophotometer.   
2.1.2.6 Plasmid sequencing    
Plasmids were sequenced using the Sanger method by Edinburgh Genomics 
(https://genomics.ed.ac.uk).  Sequencing reactions contained 1 µl 3.2 pmol/µl primer 
(Sigma) and 5 µl plasmid DNA (containing 200 to 500 ng plasmid).  Sequences were 
analysed using the Lasergene 10 SeqMan Pro software (DNASTAR®).     
2.1.3 Expression and analysis of recombinant proteins in 
mammalian cell lines 
2.1.3.1 Diethylaminoethyl (DEAE)-Dextran Approach 
COS-7 cells were seeded at 6 x 106 cells in a T75 cell culture flask (section 2.3.1.1) 
and incubated overnight at 37°C, 5% CO2 to 75-90% confluence.  Fifty-two µg 
plasmid DNA was added to 2.5 ml Dulbecco’s Modified Eagle Medium (DMEM; 
Sigma) and 15 µl 100 mg/ml DEAE-dextran (Sigma), mixed and dispersed evenly 
over the cells.  After 30 min incubation at 37°C, 5% CO2, 7.5 ml DMEM, 10% FBS 
(Gibco) and 75 mM chloroquine was added and the cells were incubated for 2.5 h at 
37°C, 5% CO2.  The cell monolayer was washed once in PBS without dislodging the 
cells.  The PBS was removed and the cells were shocked with 10% DMSO (Sigma) 
for 2 min, washed with PBS and 15 ml DMEM, 10% FBS, 2 mM L-glutamine 
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(Gibco), 1% non-essential amino acids (NEAA; Gibco) was added.  The cells were 
incubated overnight at 37°C, 5% CO2.  The medium was then replaced with serum-
free medium (DMEM, 2 mM L-glutamine and 1% NEAA).  Supernatants were 
harvested four days later by removing medium from cells and centrifuging at 500 x g 
for 5 min to remove cell debris.  The serum-free DMEM was replaced and a second 
harvest was performed two days later.   
2.1.3.2 Polyethylenimine (PEI) Approach 
HEK293T cells were seeded at 3 x 106 cells in a T75 cell culture flask and incubated 
at 37°C, 5% CO2 overnight to 70% confluence.  Seven µg plasmid DNA, 500 µl 
DMEM and 35 µl PEI (Sigma) were mixed, incubated at RT for 25 min then added 
to the cell medium and incubated for 4 h at 37°C, 5% CO2.  Medium was replaced 
with 15 ml of serum-free medium (DMEM, 2 mM L-glutamine).  Supernatants were 
harvested four days post transfection by removing medium from cells and 
centrifuging at 500 x g for 5 min to pellet cell debris.  The serum-free DMEM was 
replaced and a second harvest performed two days later.   
2.1.3.3 Dot blot 
Incubation and washing steps were on a plate shaker at RT.  A vacuum blotter was 
used to draw 100 µl of cell supernatant onto a nitrocellulose membrane (Optitran).  
The membrane was washed in PBS, 0.5% Tween 20 (PBST) for 30 min, blocked in 
PBS, 0.5% casein (Sigma) for 1 h then washed twice for 10 min in PBST.  
Membranes were incubated in anti-penta-His antibody (Qiagen) diluted 1:2,000 in 
PBS, 0.5% casein for 1 hr then washed three times in PBST for 10 min.  Membranes 
were incubated for 1 h with goat anti-mouse IgG-HRP (Southern Biotech) diluted 
1:1,000 in PBS, 0.5% casein then washed three times in PBST for 10 min.  To detect 
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proteins, the PierceTM ECL Western Blotting Substrate kit (Thermo Scientific) was 
used as per the Manufacturer’s instructions and visualised using High Performance 
Chemiluminescence Film (GE Healthcare) developed using a Medical Film 
Processor (Konica).  Recombinant chicken IL-10 His-tagged protein (supplied by Dr 
Zhiguang Wu, The Roslin Institute) was used as a positive control and untransfected 
COS-7 and HEK293T supernatant as negative controls.   
2.1.3.4 LI-COR® Western Blot for protein quantification 
Mini-PROTEAN® TGX™ precast gels (Biorad) were used with the Mini-
PROTEAN® Tetra Cell electrophoresis system (Biorad) for sodium dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE) and transfer steps.  To perform 
SDS-PAGE, 5 µl sample or protein standard was prepared in 10 µl reactions with 1 
X NuPAGE LDS sample buffer (Invitrogen), 500 mM DTT (Serva) and nuclease-
free water to the final volume, incubated at 98°C for 5 min then placed on ice.  The 
protein standard used was a His-tagged Ovine Prion Protein (OvPrP-His; supplied by 
Dr Andy Gill, the Roslin Institute).  Precision Plus ProteinTM Dual Colour Standard 
(BioRad) was used as a ladder.  Ten µl sample, ladder or standard was loaded to each 
well and electrophoresis run at 120 V for 1 h.  Separated samples were transferred 
onto nitrocellulose membranes using 25 mM tris-HCl, 192 mM glycine, 20% 
methanol) for 1.5 h at 40 V on ice. 
Membranes were blocked in Odyssey® Blocking Buffer (LI-COR® Biosciences) at 
RT for 1 h then rinsed in PBS and incubated with anti-penta-His antibody (Qiagen) 
at a 1:2,000 dilution in Odyssey® Blocking Buffer overnight at 4°C.  Membranes 
were washed four times for 5 min in PBST (0.1%) then incubated at RT for 1 h with 
IRDye 680 goat anti-mouse antibody (LI-COR® Biosciences) diluted 1:10,000 in 
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PBST (0.1%), 25% Odyssey® Blocking Buffer.  From addition of the IRDye 680 
goat anti-mouse antibody onwards all washing and incubation steps were in the dark.  
Membranes were washed four times for 5 min in PBST (0.1%), twice for 5 min in 
PBS then imaged using the LI-COR Odyssey® Imaging Scanner (LI-COR® 
Biosciences).  Images were analysed using Image Studio Lite version 5.0.  A 
standard curve was prepared using the intensity of bands produced by the OvPrP-His 
standard protein which was used to calculate the concentration of protein in the 
samples.   
2.2 Quantification of gene expression 
2.2.1 RNA extraction 
To isolate RNA from tissues and cells the RNeasy® Mini Kit (Qiagen) was used 
according the manufacturer’s instructions.   
To extract RNA from cultured BMM and BMDC, media was completely removed 
from wells and cells washed with 3 ml PBS.  The PBS was removed and 600 µl 
Buffer RLT, 1% β-mercaptoethanol (Sigma) was added.  Plates were wrapped in 
parafilm and stored at 4°C for 24 h to 2 weeks before the RNA extraction protocol 
was followed.   
To extract RNA from tissues, tissues were collected into RNAlater (Ambion) and 
stored at 4˚C for 24 h then at -20°C until RNA extraction was performed.  To extract 
RNA, 20 to 30 mg tissue was weighed and placed into a 2 ml Eppendorf safe-lock 
micro test tube (Scientific Laboratory Supplies) containing a 5 mm steel bead 
(Qiagen) and 600 µl Buffer RLT, 1% β-mercaptoethanol.  Tissues were homogenised 
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using the TissueLyser II (Qiagen) for 2 min at 20 Hz.  Homogenised tissues were 
centrifuged at 13,000 rpm for 3 min and the RNA extracted from the supernatant. 
2.2.2 TaqMan® Real Time-Quantitative PCR  
Primers (Sigma) and probes (Eurogentec) were designed using Primer Express 
software (Applied Biosystems) and are in Table 2-1.  Primers were  8-40 bases long 
with a guanine/cytosine content of  20-80%, a melting temperature of 58-60°C (and 
less than 2°C difference between a pair) and the last 5 nucleotides containing less 
than two guanine or cytosine residues.  Probes were 9-40 bases long with a 
guanine/cytosine content of 20-80%, a melting temperature 10°C higher than that of 
the primer pair and not starting with a guanine residue at the 5’ end.  Both primers 
and probes were designed so they did not contain more than four consecutive 
identical bases.  For each target gene, at least one of the primers or the probe spanned 
an intron/exon boundary.   
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Table 2-1:  Primers and probes for TaqMan® RT-qPCR.  Optimum primer concentrations 
were determined by lab members by titrating primer concentrations (1 to 0.1 µM) with a 
positive RNA standard.  Positive RNA standards were produced by lab members by 
transfecting COS-7 cells plasmids containing the gene of interest or were RNA extracted 









Probe     5’ (FAM)-AGGACCGCTACGGACCTCCACCA-(TAMRA) 3’
Forward     5’-GGCGAAGCCAGAGGAAACT-3’
Reverse     5’-GACGACCGATTTGCACGTC-3’
Probe     5’ (FAM)-CCACACTGCAGCTGGAGGAAGCC-(TAMRA)3’
Forward     5’-GCTCTACATGTCGTGTGTGATGAG-3’
Reverse    5’-TGTCGATGTCCCGCATGA-3’
Probe     5' (FAM)-ACTGAGACCCAGGAGTGCACCCAGC-(TAMRA) 3'
Forward     5'-TTGGAAAATATCAAGAACAAGATTCATC-3'
Reverse    5'-TCCCAGGTAACACTGCAGAGTTT-3'
Probe     5' (FAM)-AGCAGCACCTCCCTCAAGGCACC-(TAMRA) 3'
Forward     5'-AACATGCGTCAGCTCCTGAAT-3'
Reverse     5'-TCTGCTAGGAACTTCTCCATTGAA-3'
Probe 5' (FAM)-AGGAGAAATGCCTGACGAAGCTCTCCA-(TAMRA) 3'
Forward     5'-GCTCGCCGGCTTCGA-3'
Reverse     5'-GGTAGGTCTGAAAGGCGAACAG-3'
Probe 5' (FAM)-CGACGATTCGGCGCTGTCACC-(TAMRA) 3'
IL10 (1) Forward     5'-CATGCTGCTGGGCCTGAA-3'
Reverse     5'-CGTCTCCTTGATCTGCTTGATG-3'
Probe 5' (FAM)-CCAACTGCTCAGCTCTGAACTGCTGGAT-(TAMRA) 3'
Forward     5'-GAAATTAAGGACTATTTTCAATCCAGAGA-3'
Reverse     5'-ACAGACTGGCAGCCAAAGGT-3'
Probe     5’ (FAM)-CCAGCGTCCTCTGCTTCTGCACCTT-(TAMRA) 3’
Forward     5’-TGGCCGCTGCAAACG-3’
Reverse     5’-ACCTCTTCAAGGGTGCACTCA-3’
Probe     5' (FAM)-AAGTTGCAAATCTTGCATTTCCATTTTTCCA-(TAMRA) 3'
Forward     5'-TAGGAAGCATGATGTACGGAACAT-3'
Reverse     5'-TTTTTGCTGTTGTGGAATTCAACT-3'
Probe     5' (FAM)-ACAACCGCTTCCCCCGCTTGG-(TAMRA) 3'
Forward     5'-CATGGGATTACAGGATCGATGA-3'
Reverse     5'-GCGGCACTGGGCATCA-3'
Probe     5' (FAM)-CAGGAATCGGTCTCTCGCTCCTTGG-(TAMRA) 3'
Forward     5'-TGACCCTGCCTCTAGGATGATC-3'
Reverse     5'-GGGTCCTCATCGAGCCTGTA-3'
Probe     5' (FAM)-CCGCGCCTTCAGCACGGATG-(TAMRA) 3'
Forward     5'-AGGTGAAATCTGGCAGTGGAAT-3'
Reverse     5'-ACCTGGACGCTGAATGCAA-3'
Probe     5' (FAM)-TGCTGCATACACCAGAAAACCCTGGG-(TAMRA) 3'
Forward     5'-AAAAGATGTGGTGAAAGATAAGGATGT-3'
Reverse     5'-GCTGTGAGCAGGCATCCA-3'
Probe     5' (FAM)-AGGACAGCCACACCTACATCCAAGAGGAC-(TAMRA) 3' 
Forward     5'-ACAGCCATGAGGAAGAGTTCTTTT-3' 
Reverse     5'-CATACACCGACACGTTGATGTG-3' 
Probe     5' (FAM)-ACCCAAAGGTTATATGGCCAACTTCTGCAT-(TAMRA) 3'
Forward     5'-AGGATCTGCAGTGGAAGTGGAT-3'
Reverse     5'-CCCCGGGTTGTGTTGGT-3'
Probe     5' (FAM)-TCCACAGACATACAGATGCCCTTCCTCTTT-(TAMRA) 3'
Forward     5'-TTGGAAACCAAAGTGTGTAATATCTTG-3'
Reverse     5'-CCCTGGCCATGCGTACAT-3'
Probe     5' (FAM)-TGGCCAAGCTCCCGATGAACGA-(TAMRA) 3'
Forward     5'-GTGAAGAAGGTGAAAGATATCATGGA-3'
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The amplification and detection of specific mRNA were achieved using the AB 7500 
FAST Real-Time PCR System (Applied Biosystems).  Reactions were in 10 µl 
volumes containing 2.5 µl RNA (total RNA diluted 1:5 in nuclease-free water for all 
genes except 28S where the dilution was 1:500), 5 µl 2 X FAST Master Mix 
(Applied Biosystems), 0.125 µl RNase Inhibitor (20 U/µl; Applied Biosystems); 
0.125 µl Multiscribe Reverse Transcriptase (50 U/µl; Applied Biosystems), 0.5 µl 
diluted primers, 0.25 µl probe (5 µM) and 1.5 µl nuclease-free water.  The following 
PCR program was used; 48°C for 30 min, 95°C for 20 s, 40 cycles of 95°C for 3 s, 
60°C for 30 s.   
Data were collected during the cycling stage.   Standard curves were generated from 
the Ct values of the serially diluted positive RNA standard to obtain the slope of the 
line with the following equation: 
𝑦 = 𝑚𝑥 + 𝑐 
By obtaining the slope of the standard curve generated by the serially diluted positive 
RNA standards the efficiency (E) of the reaction was calculated using the following 
equation: 
𝐸 = 10−1/𝑠𝑙𝑜𝑝𝑒 
Corrected Ct values were calculated by the following equation: 




Where Ct is the original cycle threshold obtained from the RNA sample, N’t is the 
mean of the 28S Ct values across all samples within a plate, C’t is the mean 28S Ct 
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values of triplicate wells for one sample, S is the slope generated by the standard 
curve for the gene of interest by serially diluting the positive standard RNA for that 
gene and S’ is the slope generated by the standard curve of the 28S gene by serially 
diluting the positive RNA standard for 28S.  Corrected 40-Ct values were calculated 
by subtracting the normalised Ct value from 40.   Within an experiment, the 
threshold of detection for each gene was set to be within the linear phase of 
exponential amplification of the standards and was kept constant for genes that were 
measured across multiple plates.   
2.3 Cell line culture 
Techniques were performed in a Category 2 biosafety cabinet.  
2.3.1 Maintenance of cell lines 
2.3.1.1 Maintenance of COS-7 cells 
COS-7 cells were maintained in DMEM, 10% FBS, 2 mM L-glutamine, 1 U/ml 
penicillin, 1 µg/ml streptomycin, 1% sodium pyruvate and 1% NEAA (complete 
COS-7 medium) at 37°C, 5% CO2 and passaged at 70-80% confluence.  Cells were 
washed as a monolayer with PBS and incubated for 5 min at 37°C, CO2 with 5 ml 
Versene (Invitrogen), 10% trypsin (Invitrogen).  Ten ml DMEM, 10% FBS was 
added to the flask and dissociated cells were transferred to a Falcon tube and washed 
twice by centrifuging at 500 x g for 5 min and re-suspending in 10 ml COS-7 
medium.  Cells were counted and reseeded at 7.5 x 106 cells per T75 cell culture 
flask. 
2.3.1.2 Maintenance of HEK293T cells 
HEK293T cells were maintained in DMEM, 10% FBS, 2 mM L-glutamine, 1 U/ml 
penicillin, 1 µg/ml streptomycin, 1% sodium pyruvate and 1% NEAA at 37°C, 5% 
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CO2 in a T75 cell culture flask and passaged at 70% confluence.  Cells were washed 
twice as a monolayer with PBS then incubated for 5 min at 37°C, 5% CO2 with 5 ml 
Accutase (Gibco).  Dissociated cells were collected into a Falcon tube and washed 
twice by centrifuging at 500 x g for 5 min and re-suspending in 10 ml HEK293T 
medium.  Cells were counted and reseeded at 5.75 x 105 cells per T75 cell culture 
flask.   
2.3.1.3 Maintenance of HEK293T-SEAP cells 
HEK293T-SEAP cells were maintained in DMEM, 2 mM L-glutamine, 1 U/ml 
penicillin and 1 µg/ml streptomycin (complete HEK293T-SEAP medium) at 37°C, 
5% CO2 in a T75 cell culture flask and passaged at 70% confluence.  Cells were 
washed twice as a monolayer with PBS and incubated for 1-2 min at 37°C, 5% CO2 
with 5 ml PBS, 20% TrypLE (Gibco).  Dissociated cells were transferred to a Falcon 
tube and washed twice by centrifugation at 500 x g for 5 min and re-suspended in 10 
ml HEK293T-SEAP medium.  Cells were counted and reseeded at 5.75 x 105 cells 
per T75 cell culture flask.   
2.3.2 SEAP reporter assay 
Chicken TLR sequences were cloned into the pcDNA3 plasmid (Thermo Fisher 
Scientific) by Dr Sungwon Kim (The Roslin Institute).  Twenty-four h prior to 
transfection, HEK293T-SEAP cells were passaged (section 2.3.1.3) and seeded at 4 x 
104 cells/well in a flat bottomed 96-well tissue culture plate.  Lipofectamine® 2000 
(Thermo Fisher Scientific) was prepared by adding 0.4 µl Lipofectamine® 2000 to 
25 µl DMEM per well.  Two hundred ng plasmid was added to 25 µl DMEM per 
well.  For transfections involving multiple plasmids, equal quantities of each plasmid 
were added to a total of 200 ng per well.  Lipofectamine and plasmid solutions were 
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mixed then incubated at RT for 10 min.  Medium was replaced with 100 µl DMEM 
and 50 µl Lipofectamine/plasmid added.  Plates were incubated for 4 h at 37°C, 5% 
CO2 after which 100 µl DMEM, 20% FBS was added.  Cells were cultured overnight 
at 37°C, 5% CO2, medium replaced with 100 µl HEK293T-SEAP medium and cells 
cultured for 24 h.  Medium was replaced with ligands prepared in DMEM, 2% FBS 
and cells incubated for 18 h at 37°C, 5% CO2.  Twenty µl supernatant from each well 
was added to 100 µl Quanti-Blue solution (Invivogen) prepared as per the 
manufacturer’s instructions.  Colour change was developed for 45 min at 37°C 
before the optical density (OD) was measured at 650 nm in a Multi Ascent 
spectrophotometer (Thermo Electron Corporation).  Negative controls were cells 
transfected with pcDNA3-YFP plasmid containing no gene, untransfected cells, cells 
stimulated with medium only and HEK293T or COS-7 mock-transfected cell 
supernatants.  Positive control ligands are in Table 2-2. 
Table 2-2:  TLR ligands used as positive controls for the HEK293T-SEAP reporter gene 
assay. 




Pam3CSK4 Synthetic triacylated 
lipopeptide, mimics the 
acylated amino terminus of 
LPS. 
Invivogen 
21 CpG-ODN Synthetic DNA molecule of 
sequence 5’ – gtc gtt gtc gtt 
gtc gtt – 3’ containing 
cysteine nucleotides linked 
to guanine nucleotides by 
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2.4 Primary cell culture 
Techniques were performed in a Category 2 biosafety cabinet.  
2.4.1 Ethics statement 
Chickens used for primary cells were culled by cervical dislocation and confirmation 
of death confirmed by decapitation in accordance with Schedule One methods as set 
out by the UK Home Office and in accordance with the Animals (Scientific 
Procedures) Act 1986. 
2.4.2 J and Novogen Brown chicken lines 
The J line is an outbred brown leghorn that originates from the Edinburgh Poultry 
Research Centre (Edinburgh).  The Novogen Brown line is an outbred commercial 
layer line.  Both lines were maintained at the National Avian Research Facility 
(NARF) based at the Roslin Institute.  Birds were vaccinated against MDV, 
coccidiosis, NDV, IBV, IBDV, chicken anaemia virus, avian encephalomyelitis virus 
and infectious laryngotacheitis virus. 
2.4.3 Culture of BMM and BMDC  
Three to five-week-old J and Novogen Brown line chickens were culled and femurs 
and tibias aseptically removed into cold PBS.  The bone marrow was flushed out 
with 10 ml PBS using a 21G needle, passed through a 70 µM strainer and cells 
washed by centrifugation at 400 x g for 5 min then re-suspended in 10 ml PBS.  The 
cell suspension was underlaid with 10 ml Histopaque 1.077 (Sigma) and centrifuged 
for 20 min at 400 x g at RT (acceleration and brakes off).  Cells were collected from 
the interface, made up to 20 ml with PBS, centrifuged at 400 x g for 5 min then re-
suspended in 10 ml BMM medium (Rosewell Park Memorial Institute (RPMI)-1640 
(Invitrogen), 10% FBS, 2 mM L-glutamine, 1 U/ml penicillin and 1 µg/ml 
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streptomycin) or BMDC medium (RPMI-1640, 10% chicken serum (Biosera), 2 mM 
L-glutamine, 1 U/ml penicillin and 1 µg/ml streptomycin).  Cells were counted and 
adjusted to 1 x 106 cells/ml.  For BMDC culture, recombinant chIL-4 and chCSF2 
were added at a 1:200 dilution.  For BMM culture, recombinant chCSF1 was added 
at a 1:200 dilution.  Cells were seeded at 6 x 106 cells/well of a 6-well tissue culture 
plate and incubated at 41°C, 5% CO2.  On days 2 and 4 of culture, 2 ml medium was 
replaced with 2 ml fresh medium.  Recombinant chCSF2, chIL-4 and chCSF1 were 
produced by previous lab members from COS-7 cells transfected with pCIneo 
plasmids (Promega) containing either chCSF1, chCSF2 or chIL-4 (Wu et al., 2010; 
Garcia-Morales et al., 2014).   
To stimulate BMM and BMDC, stimulants were diluted in cytokine-free BMM or 
BMDC medium.  Medium was removed from each well and replaced with 3 ml 
stimulant. 
2.4.4 Preparation of E. tenella oocyst crude lysate 
Sporulated E. tenella oocysts (Wisconsin strain; Doran et al. (1974)) were provided 
by Prof. Damer Blake (The Royal Veterinary College, UK).  Oocysts (1 x 108) were 
washed twice by centrifugation at 1,700 x g for 5 min and re-suspending in 8 ml 
PBS.  Approximately 8 ml 600 µm glass beads (Sigma) were added and oocysts were 
vortexed three times for 2 min.  Oocysts were checked microscopically for adequate 
disruption of the oocyst wall and the presence of high numbers of sporocysts.  
Sporocysts were sonicated twice for 30 s then freeze/thawed three times on dry ice.  
The concentration of the lysate was determined using the Pierce 660 nM Protein 
Assay kit (Thermo Fisher Scientific) as per the manufacturer’s instructions.  The 
lysate was tested for LPS contamination using the Pierce LAL Chromogenic 
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Endotoxin Quantitation Kit (Thermo Scientific) according to the manufacturer’s 
instruction. 
2.4.4.1 Analysis of E. tenella oocyst crude lysate toxicity by FACS 
BMM cultures were stimulated overnight with 1, 10 and 50 µg/ml crude lysate, 200 
ng/ml LPS or medium only.  Medium was replaced with BMM medium, 15 mM 
EDTA.  Cells were harvested into a Falcon tube by pipetting, centrifuged at 400 x g 
for 10 min, resuspended in 10 ml BMM medium and counted by Haemocytometer.  
Cells were centrifuged at 400 x g for 10 min and resuspended in FACs buffer (PBS, 
0.5% BSA and 0.05% NaN3) at 1 x 10
7 cells/ml.  One hundred µl cells was dispensed 
to wells of a 96-well U-bottomed plate.  Plates were centrifuged at 300 x g for 3 min 
and the supernatant discarded.  Cells were resuspended on a plate shaker and 50 µl 
FACS buffer alone or containing mouse anti-chicken CD45 antibody-FITC (clone 
LT40, Southern Biotech) at a 1:200 dilution was added.  Plates were covered and 
incubated for 30 min on ice.  Cells were washed three times as described and 
resuspended in 300 µl FACS buffer alone or containing SYTOX® Blue (Thermo 
Fisher Scientific) at a 1:1,000 dilution and incubated for 5 min on ice.  Analysis was 
performed using a BD Fortessa (BD Biosciences) and cell populations analysed 
using FlowJo V10 (Tree Star).   
2.5 In vivo experiments 
2.5.1 Ethics statement 
Animal experiments were performed under the authority of the UK Home Office 
project licence held by Prof. Fiona Tomley (PPL No. 70/7781; The Royal Veterinary 
College, UK) within the terms and conditions of the UK Home Office Animals 
(Scientific Procedures) Act 1986.  
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2.5.2 Bird lines 
2.5.2.1 Ross 308 broilers  
Ross 308 broilers were supplied by Aviagen.  Birds were unvaccinated. 
2.5.2.2 15I and C.B12 White Leghorns 
Line 15I is a white leghorn line originating from the Avian Disease and Oncology 
Laboratory (ADOL; East Langsing, MI, USA).  Line C.B12 is a white leghorn line 
originating from the University of Cambridge.  Both flocks were maintained at the 
NARF (The Roslin Institute).  Birds were unvaccinated.    
2.5.3 Challenge models 
2.5.3.1 Commercial bird trial 
Ross 308 broilers (n=91) were divided into three groups; an E. tenella-infected (35 
birds), an E. maxima-infected (35 birds) and an uninfected control group (21 birds).  
Birds were housed in separate rooms on littered pens.  At three weeks of age, broilers 
were orally inoculated with 2 x 103 oocysts (in 0.5 ml water) of E. maxima 
(Wisconsin strain; Norton et al. (1976)) or E. tenella (Houghton strain; Joyner et al. 
(1969)) or left uninfected.  Both Eimeria strains were provided by Prof. Damer Blake 
(The Royal Veterinary College, UK) and were harvested from infected chickens no 
more than one month prior to use.  At each sampling time point there were five E. 
tenella-infected, five E. maxima-infected and three uninfected control birds.  
Sampling time points were 2, 3, 4, 5, 8, 11 and 15 dpi.  The weights of all birds were 
recorded at 2 dpi and then again in individual birds prior to culling.  Birds were 
sedated by intramuscular injection of 0.2 ml xylazine (2% Rompun) combined with 
0.2 ml ketamine then culled by intraperitoneal injection of 200 mg/kg of body weight 
of pentobarbital.  Cervical dislocation was performed as confirmation of death.  At 
each time point, samples were taken from the jejunum, 1 cm anterior to the MD, and 
66   
the mid-caecum.  Tissues were harvested from the left caecum for RNA extraction 
(section 2.2.1) and the right caecum for histology.  For histology samples, 1 drop 
OCT medium (Thermo Fisher Scientific) was placed on a square of filter paper.  
Tissues were placed onto the OCT medium, snap-frozen on liquid nitrogen and 
stored at -80°C. 
For quantification of parasite burden in the birds, the residual tissue of the two caeca 
were pooled within each bird of the E. tenella-infected group and 10 cm lengths of 
jejunum (spanning 5 cm either side of the MD) were collected from the E. maxima-
infected group for total genomic parasite DNA.  
2.5.3.2 Inbred line trial 
Inbred chicken lines 15I (n=103) and C.B12 (n=96) were separated into six groups; 
two uninfected control groups (n=21 for each line), two E. maxima-infected groups 
(n=41 for 15I and n=39 for C.B12) and two E. tenella-infected groups (n=41 for 15I 
and n=36 for C.B12).  The six groups were housed in one room in separate littered 
pens.  At three weeks of age, birds were orally dosed with Eimeria.  Birds in the E. 
maxima groups were inoculated with 100 E. maxima (Wisconsin; Norton et al. 
(1976)) oocysts in 1 ml water and birds in the E. tenella groups were inoculated with 
200 E. tenella (Houghton; Joyner et al. (1969)) oocysts in 1 ml water.  Both Eimeria 
strains were provided by Prof. Damer Blake (The Royal Veterinary College, UK).  E. 
maxima oocysts were harvested within one month prior to use.  E. tenella oocysts 
were harvested 6 months prior to use, and so a higher dose of 200 oocysts was 
chosen to account for any reduction in viability.  Birds in the control groups were 
inoculated with 1 ml sterile water.  The numbers of birds culled and sampled from on 
each time point are shown in Table 2-3..     
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Table 2-3:  Number of birds culled at each time point during the trial. 










































































Bird weights were recorded two days prior to inoculation and then again prior to 
culling.  Birds were culled by cervical dislocation and death confirmed by 
decapitation.  Immediately following decapitation, blood was collected into a Falcon 
tube and stored at RT for at least 1 h, centrifuged at 1,500 x g and the serum stored at 
-20°C.  Tissue samples were collected from the jejunum and caeca of control birds, 
the jejunum of E. maxima-infected birds and the caeca of E. tenella-infected birds.  
Jejunum was sampled 2 cm posterior to the MD.  Caecum was sampled from the 
mid-section of each caecum.  Samples were collected from the left caecum for RNA 
(section 2.2.1) and the right for histology by filling a plastic cryomould (15 x 15 x 5 
mm; Fisher Scientific) with OCT medium into which tissues were placed, orientated 
and snap-frozen on a foil boat on liquid nitrogen.  Cryomoulds containing frozen 
tissues were wrapped in foil and stored in zip-lock bags at -80°C.   
For quantification of parasite burden in the birds, the residual tissue of the two caeca 
were pooled within each bird of the E. tenella-infected group and 10 cm lengths of 
jejunum (spanning 5 cm either side of the MD) were collected from the E. maxima-
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infected group for genomic DNA extraction.  For control birds, the jejunum and 
caecum tissues were pooled.     
2.5.3.3 Quantification of parasite burden in the gut of infected birds by 
qPCR 
Parasite genomic DNA was quantified by a qPCR targeting the RAPD-SCAR marker 
Tn-E03-1161 for E. tenella (Nolan et al., 2015) and the MIC1 gene for E. maxima 
(Blake et al., 2006).  Targets were amplified by qPCR and Ct values used to 
calculate the starting quantities of parasite and host genome copy numbers using a 
standard dilution series of known copy numbers.  The starting quantity of parasite 
genome was normalised against the actB gene of the host genome to obtain the total 
copy number of parasite genome per mg of tissue.  All parasite quantification by 
qPCR was performed by Dr Matt Nolan (The Royal Veterinary College, UK).   
2.5.4 Quantification of cytokines in serum by ELISA 
To quantify IL-10 levels in the serum the capture antibody (ROS-AV164), 
biotinylated detecting antibody (ROS-AV163) and recombinant chIL-10-Fc were 
kindly provided by Dr Zhiguang Wu (The Roslin Institute; Wu et al. (2016)).  All 
incubation steps were at RT, in a humidified container on a rocking platform (70 
rpm) unless stated otherwise.  All wash steps were performed by removing liquid 
from the plates and adding 200 µl PBST to each well.  At no point were wells 
allowed to dry.  Twenty-four h prior to running the assay, the capture antibody was 
diluted to 3 µg/ml in coating buffer (15 mM Na2CO3, 35 mM NaHCO3, 3 mM NaN3) 
and 50 µl dispensed to wells of a flat-bottomed 96-well plate and stored at 4°C.  
Wells were washed three times, blocked with PBS, 0.5% casein for 1 h then washed 
once before 50 µl samples and protein standards were added in duplicate.  Plates 
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were incubated for 1 h, washed three times and 50 µl detecting antibody (1 µg/ml in 
PBS, 0.5% casein) was added to each well and incubated for 1 h.  Plates were 
washed three times and 50 µl High Sensitivity Streptavidin-HRP (Pierce) was added 
at a 1:10,000 dilution in PBS, 0.5% casein.  Plates were incubated for 1 h, then 
washed three times.  One-Step Ultra TMB-ELISA Substrate Solution (Thermo 
Scientific) was equilibrated to RT and 50 µl dispensed to wells.  Plates were 
incubated for 5 min at RT and 50 µl stop solution (2N H2SO4) was added.  OD was 
measured at 450 nm using the Multiscan Ascent spectrophotometer.  Serum IFNγ 
levels were quantified by Dr Sungwon Kim (Roslin Institute, UK) using the Chicken 
IFNγ CytoSet Kit (Invitrogen) according to the manufacturer’s instructions.  To 
calculate the concentration of IL-10 and IFNγ in serum, 4-parameter logistic 
regression was performed using the following formula: 








Where y is the concentration of protein in the sample, x is the OD value, a is the 
minimum OD value that can be obtained (when the sample is negative), d is the 
maximum OD value that can be obtained, c is the point of inflection (the point of the 
curve midway between a and d), and b is the Hill’s slope of the curve (the slope of 
the curve at c).   
2.5.5 Quantification of IL-10 in tissue 
Tissue was snap frozen at collection and stored at -80°C until use.  Samples were 
prepared at 4°C.  Twenty-five mg tissue was homogenised in 600 µl protein lysis 
buffer (20 mM Tris (pH 7.5), 100 mM NaCl, 0.5% NP-40 (IGEPAL® CA-630; 
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Sigma), 0.5 M EDTA, 0.5 mM phenylmethylsulphonyl fluoride (PMSF; Sigma), 
0.5% protease inhibitor cocktail (Sigma)) using a TissueLyser II (Qiagen) at 25 Hz 
for 2 min twice, with incubation on ice in between homogenisation steps.  Samples 
were centrifuged at 13,000 x g for 10 min at 4°C.  The concentration of protein in the 
supernatant was determined using the BCA protein assay kit (Thermo Scientific) 
according to the manufacturer’s instructions.  The concentration of IL-10 was then 
determined by ELISA as in section 2.5.4 and the concentration of IL-10/mg of tissue 
calculated.  Analysis of IL-10 in gut tissue was performed by Dr Sungwon Kim (The 
Roslin Institute, UK). 
2.6 Immunocytochemistry (ICC) 
2.6.1 ICC procedure  
A Leica CM1900 cryostat was used to cut 7 µm sections which were picked onto  
Superfrost® glass slides (Thermo Scientific), air-dried overnight, fixed in acetone 
(0.75% H2O2) for 10 min at RT and air-dried for 5 min.  Depending on section size, 
50-100 µl diluted antibody was prepared per section.  Primary antibodies (Table 2-4) 
were diluted in PBS and added to the slides ensuring sections were covered.  A 
humidified box was used for all incubation steps which were conducted at RT for 1 h 
and washes were three times for 2 min with PBS in a Coplin jar.  The Vectastain 
Elite ABC (Mouse IgG) Kit (Vector Laboratories) was used as follows.  Two drops 
normal horse serum and 1 drop biotinylated antibody from the kit was added to 10 ml 
PBS and vortexed to mix.  Slides were washed, excess PBS removed with lint-free 
tissue and sections incubated with the biotinylated antibody.  To prepare the ABC 
reagent, 1 drop of reagent A (Avidin DH solution) and 1 drop of reagent B 
(biotinylated HRP) was added to 5 ml PBS, vortexed to mix and incubated for 20 
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min at RT.  Slides were washed in PBS and incubated with the ABC reagent.  Slides 
were washed and 3-Amino-9-ethylcarbazole (AEC) was used as a substrate for 
colour development of sections using the AEC staining kit (Sigma) as per the 
manufacturer’s instructions.  Slides were incubated with the AEC substrate for 4 min 
at RT, washed once in PBS and once in Milli-Q water.  Slides were incubated for 2 
min in haematoxylin Z (Cell Path), washed with tap water then incubated for 2 min 
in Scott’s Tap Water (tap water, 2 % magnesium sulphate, 0.35% sodium 
bicarbonate).  Slides were mounted in Aquamount AQ (Vector). 
Slides were imaged using a Nikon Eclipse Ni microscope using ZEN lite 2012 
software.  Images were taken with 20 ms exposure, gamma correction at 0.75 and 
white balance set to a blank area of the slide.  For images, the histogram thresholds 
were set to the maximum and minimum using the automatic feature in Zen lite 2012. 
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Table 2-4: Antibodies used in ICC staining. 
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2.6.2 Descriptive Quantification of Cell Populations in ICC 
Sections  
Three units of measurement were adopted to quantify the different areas of the gut.  
For jejunum, two different units of measurement were used to quantify the cell 
populations present in the villi and the crypts. One unit of villus area was defined as 
a 300 µm length of villus midway along the length of the villus (Figure 2-1A).  One 
unit of crypt area was defined as an area of 22,500 µm2 over the crypts (Figure 
2-1B).  The crypt area was defined as the area between the bases of the villi and the 
muscle wall of the intestine.  One section was scored per bird and for each section, 
three units of measurement over the villi and three units of measurement over the 
crypts were counted over three separate areas of each tissue section.   
For the caecum, one unit of measurement was used.  A caecal unit was defined as a 
22,500 µm2 area which was used to measure the population of cells in the caecum 
(Figure 2-1C).  Over three separate areas of the tissue, at least three caecal units were 
counted in total.    
 
Figure 2-1:  Units of measurement for counting cell populations in the intestine.  For the 
jejunum villi, a 300 µm length of villi mid-way between the tips and the base of the villi was 
counted (A).  For the jejunum crypts, an area of 22500 µm2 was selected at random over the 
crypt areas (B).  For caecal villi and crypts, an area of 22500 µm2 was selected at random 
over both crypt and villi areas (C).  Bars represent 100 µm.  
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For each antibody, control tissues were examined from 3, 5, 8 and 15 dpi and a 
baseline level of cells (Table 2-5) in the lamina propria was determined using the 
units of measurement defined above.  The number of stained cells in the lamina 
propria of each unit of measurement was counted individually, compared to the 
baseline control levels of cells and scored according to the criteria as in Table 2-6.  
On the occasion where counts in controls exceeded the baseline level as in Table 2-5, 
the section was scored accordingly as in Table 2-6.  Entire sections were also 
screened for clusters defined as 10 or more cells in contact with one another.  If 
clusters were observed during scoring an automatic score of 3 was assigned.  The 
number of cells present in the epithelium of each unit was counted and a score 
assigned as in Table 2-7.  Sections were scored blind by an impartial third party to 
eliminate bias. 
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Table 2-5:  Baseline levels of cells present in the lamina propria of uninfected control 
jejunum and mid-caecum tissues of Ross 308 broilers and lines 15I and CB12.  All control 
tissues were analysed across 3, 5, 8 and 15 dpi and the number of stained cells were counted 
individually within appropriate units as described in this section.  Per count, the number of 





≤ 20 per villus unit 
and 
≤ 20 per crypt unit 
≤ 20 per caecal unit 
CD8α 
≤ 10 per villus unit 
and 
≤10 per crypt unit 
≤ 10 per caecal unit 
TCRγδ 
≤ 10 per villus unit 
and 
≤ 10 per crypt unit 
≤ 5 per caecal unit 
TCRαβ1 
≤ 10 per villus unit 
and 
≤ 10 per crypt unit 
≤ 20 per caecal unit 
TCRαβ2 Not observed Not observed 
CD25 
≤ 20 per villus unit 
and 
≤ 10 per crypt unit 
≤ 20 per caecal unit 
ChB6 
≤ 5 per villus unit 
and 
≤ 5 per crypt unit 
≤ 5 per caecal unit 
MRC1 
≤ 30 per villus unit 
and 
≤ 25 per crypt unit 
≤ 30 per caecal unit 
 
Tim4 
≤ 30 per villus unit 
and 
≤ 20 per crypt unit 
≤ 30 per caecal unit 
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Table 2-6:  Lamina propria scoring criteria. 
Score Criteria 
0 No cells present in the lamina propria. 
1 
Baseline control level for each cell marker (as defined in Table 2-5). 
Cells scattered throughout the lamina propria. 
2 
An increase in the number of cells present in the lamina propria 
compared to the control baseline level (as defined in Table 2-5). 
3 
An increase in the number of cells present in the lamina propria 
compared to the control baseline level (as defined in Table 2-5) and 
clusters of cells present in the lamina propria either in the crypt 
regions and/or villi. 
4 
The majority of the lamina propria is stained due to the presence of 
high numbers of cells. 
 
Table 2-7:  Epithelium scoring criteria. 
Score Criteria 
0 No cells present in the epithelium. 
1 
Very few cells present in the epithelium (<5 per jejunum villi, 
jejunum crypt or caecal unit). 
2 
Cells present in the epithelium (5-20 cells per jejunum villi, jejunum 
crypt or caecal unit). 
3 
High numbers of cells present in the epithelium (>20 per jejunum 
villi, jejunum crypt or caecal unit). 
 
 
2.7 Statistical Analysis 
All data were checked for normality and tested for statistical significance in Minitab 







Chapter 3 Innate responses of antigen 






Eimeria infection elicits an immune response that culminates in clearance of the 
parasite and development of protective immunity against reinfection with 
homologous species.  In order to initiate an immune response to a pathogen, the 
pathogen must first be recognised by PAMPs via host PRRs.  Currently, it is not 
known which Eimeria PAMPs are recognised by which chicken PRRs.  A 
description of chicken PRRs is given in Chapter 1.  TLRs are one of the main 
families of PRRs in both chickens and mammals and are likely involved in 
recognition of Eimeria.  APCs including macrophages and DCs are vital to initiating 
an immune response.  APCs have important roles in both innate and adaptive 
immunity and these roles include recognition and phagocytosis of pathogens, release 
of cytokines (proinflammatory, regulatory and Th-driving) and presentation of 
pathogenic molecules to T cells for induction of a pathogen-specific, adaptive 
immune response.  The responses of macrophage cell lines to Eimeria antigens have 
been studied (Dimier et al., 1998; Chow et al., 2011), however current literature 
surrounding the response of chicken-derived macrophages and DCs is lacking.  The 
hypothesis is that TLRs on the surface of epithelial cells and APC, recognise Eimeria 
and guide the innate inflammatory and adaptive Th1 immune response through the 
production of cytokines.  The aim of this chapter was to study the responses of BMM 
and BMDC to the Eimeria parasite and recombinant Eimeria proteins and to 
determine which chicken TLRs recognise these Eimeria antigens.   
In this study, BMM and BMDC responses to, and TLR recognition of, two Eimeria 
proteins were investigated.  Immune mapped protein 1 (IMP1) is conserved across 
apicomplexan parasites (Cui et al., 2012a; Cui et al., 2012b) and is present on the 
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surface of Eimeria sporozoites (Jenkins et al., 2015), is highly immunogenic, confers 
protection against E. maxima (Blake et al., 2011) and is a potential vaccine candidate 
for E. tenella (Yin et al., 2013).  A T. gondii IMP1 DNA vaccine also enhanced Th1 
responses following challenge in mice and increased the length of survival time (Cui 
et al., 2012b).  Apical membrane antigen 1 (AMA1) is also conserved across 
apicomplexan parasites and interacts with rhoptry neck proteins (RONs) during host 
cell invasion.  AMA1 is most highly expressed at the sporozoite stage during the E. 
tenella life cycle and use of an anti-EtAMA1 antibody reduced invasion of DF-1 
cells by E. tenella sporozoites (Jiang et al., 2012).  An AMA1 DNA vaccine was 
protective and reduced oocyst output following E. brunetti infection in chickens 
compared with chickens not given the vaccine (Hoan et al., 2014).  
Bone marrow cells can be cultured ex vivo and driven towards a macrophage (BMM) 
phenotype with recombinant CSF-1 (Garceau et al., 2010) or towards a DC (BMDC) 
phenotype with recombinant chicken IL-4 and CSF-2 (Wu et al., 2010).  To 
characterise the responses of APC to the Eimeria parasite and potential Eimeria 
vaccine candidates, chicken BMM and BMDC were stimulated with EtAg from E. 
tenella and recombinant IMP1 and AMA1 from both E. maxima and E. tenella.  
Changes in the expression of genes associated with the inflammatory (IL-1β, IL-6 
and iNOS), Th1 (IFN-γ and IL-12α), Th2 (TGF-β4 and IL-4) and regulatory (IL-10) 
response were measured by RT-qPCR.     
Since IMP1 and AMA1 are both immunogenic, it is expected that they are both 
recognised by chicken TLRs.  Here, a SEAP reporter gene assay was utilised to 
determine if either IMP1 (EtIMP1 and EmIMP1 from E. tenella and E. maxima 
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respectively), AMA1 (EtAMA1 and EmAMA1 from E. tenella and E. maxima 
respectively) or EtAg were recognised by chicken TLR1LB/2A or TLR1LB/2B 
heterodimers or TLR21.  TLR1LA, TLR1LB, TLR2A and TLR2B are the functional 
homologs of the mammalian TLR1/6/10 family.  Heterodimers formed between 
chicken TLR1LA or B and TLR2A or B recognise lipoproteins and peptidoglycans 
(Higuchi et al., 2008) as do heterodimers formed between TLR2 and TLR1, 6 or 10 
in mammals (Nishiguchi et al., 2001; Nakao et al., 2005).  TLR1LA/2B heterodimers 
in chickens and TLR1/2, TLR2/10 and TLR2/6 heterodimers in mammals recognise 
diacylated and triacylated lipoproteins.  Peptidoglycan is recognised by TLR1LB/2A 
heterodimers in the chicken and TLR2 heterodimers in mammals.  Chicken TLR21 is 
the functional homologue to mammalian TLR9 and both recognise CpG 
oligodeoxynucleotides (ODN; reviewed by Brownlie et al. (2009)). 
3.2 Results 
3.2.1 Response of BMM and BMDC to E. tenella oocyst crude 
lysate 
To examine the role of APC in inducing an inflammatory response during E. tenella 
infection, BMM and BMDC were stimulated with EtAg as in section 2.4.  RNA was 
extracted from cells and RT-qPCR analysis performed for proinflammatory genes 
including IL1B (Figure 3-1), IL6 (Figure 3-2) and NOS2 (Figure 3-3) as described in 
section 2.2.  EtAg stimulation significantly increased the expression of IL1B, IL6 and 
NOS2 mRNA in BMM.   
EtAg stimulation increased the expression of IL1B, IL6 and NOS2 mRNA in BMDC.  
However, due to a pipetting error, for BMDC at 3 hours post stimulation (hps), 
results from one bird for medium-only and LPS-stimulated treatments are missing.  
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As a result, the statistical power of the test was reduced, affecting the statistical 
outcome and results were not significant at this time point.   
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Figure 3-1:  IL1B mRNA expression in BMM and BMDC following stimulation with EtAg.  
BMM and BMDC were cultured until day 6 then incubated with medium alone (negative 
control), 1, 10 or 50 µg/ml of EtAg or 200 ng/ml of LPS (positive control) for 3, 6 and 12 
hours.  RNA was extracted and the expression of IL1B mRNA measured by RT-qPCR.  Data 
are presented as corrected 40-Ct values for four individual birds except for BMDC at 3 h 
where data are shown for three birds for medium and LPS-treated cultures.  Individual 
colours denote data from individual birds.  Asterisks indicate significant differences 
compared to medium controls at p≤0.05 according to the Mann-Whitney U test.  
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Figure 3-2:  IL6 mRNA expression in BMM and BMDC following stimulation with EtAg.  
BMM and BMDC were cultured until day 6 then incubated with medium alone (negative 
control), 1, 10 or 50 µg/ml of EtAg or 200 ng/ml of LPS (positive control) for 3, 6 and 12 
hours.  RNA was extracted and the expression of IL6 mRNA measured by RT-qPCR.  Data 
are presented as corrected 40-Ct values for four individual birds except for BMDC at 3 h 
where data are shown for three birds for medium and LPS-treated cultures.  Individual 
colours denote data from individual birds.  Asterisks indicate significant differences 
compared to medium controls at p≤0.05 according to the Mann-Whitney U test.    
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Figure 3-3:  NOS2 mRNA expression in BMM and BMDC following stimulation with EtAg.  
BMM and BMDC were cultured until day 6 then incubated with medium alone (negative 
control), 1, 10 or 50 µg/ml of EtAg or 200 ng/ml of LPS (positive control) for 3, 6 and 12 
hours.  RNA was extracted and the expression of NOS2 mRNA measured by RT-qPCR.  
Data are presented as corrected 40-Ct values for four individual birds except for BMDC at 3 
h where data are shown for three birds for medium and LPS-treated cultures.  Individual 
colours denote data from individual birds.  Asterisks indicate significant differences 
compared to medium controls at p≤0.05 according to the Mann-Whitney U test.   
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To investigate the role of BMM and BMDC in promoting a T helper response, the 
expression of Th1-associated cytokines IFNG (Figure 3-4) and IL12A (Figure 3-5) 
were measured.  EtAg stimulation did not increase IFNG mRNA expression in 
BMM.  
In BMDC, EtAg stimulation increased IFNG mRNA expression.  Again, due to 
missing samples from one bird at 3 hps with medium and LPS, the upregulation of 
IFNG observed was not significant.  At 6 and 12 hps, BMDC from two birds 
expressed consistently high IFNG mRNA regardless of treatment.  The reasons for 
this are unclear; no bacterial contamination of these cultures was noted and the 
amplification curves of the RT-qPCR were normal.   
Overall, EtAg stimulation did not increase IL12A mRNA expression in BMM.  In 
BMDC, EtAg stimulation increased the expression of IL12A mRNA in a dose-
dependent manner.   
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Figure 3-4:  IFNG mRNA expression in BMM and BMDC following stimulation with 
EtAg.BMM and BMDC were cultured until day 6 then incubated with medium alone 
(negative control), 1, 10 or 50 µg/ml of EtAg or 200 ng/ml of LPS (positive control) for 3, 6 
and 12 hours.  RNA was extracted and the expression of IFNG mRNA measured by RT-
qPCR.  Data are presented as corrected 40-Ct values for four individual birds except for 
BMDC at 3 h where data are shown for three birds for medium and LPS-treated cultures.  
Individual colours denote data from individual birds.  Asterisks indicate significant 
differences compared to medium controls at p≤0.05 according to the Mann-Whitney U test.  
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Figure 3-5:  IL12A mRNA expression in BMM and BMDC following stimulation with EtAg.  
BMM and BMDC were cultured until day 6 then incubated with medium alone (negative 
control), 1, 10 or 50 µg/ml of EtAg or 200 ng/ml of LPS (positive control) for 3, 6 and 12 
hours.  RNA was extracted and the expression of IL12A mRNA measured by RT-qPCR.  
Data are presented as corrected 40-Ct values of four individual birds except for BMDC at 3 h 
where data are shown for three birds for medium and LPS-treated cultures.  Individual 
colours denote data from individual birds.  Asterisks indicate significant differences 
compared to medium controls at p≤0.05 according to the Mann-Whitney U test.   
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To investigate any potential Th2-promoting activity of BMM and BMDC, the 
expression of Th2-associated cytokines was measured.  No change was observed in 
the expression of either IL4 (Figure 3-6) or TGFB4 mRNA (Figure 3-7) in either 
BMM or BMDC following stimulation with EtAg.   
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Figure 3-6:  IL4 mRNA expression in BMM and BMDC following stimulation with EtAg.  
BMM and BMDC were cultured until day 6 then incubated with medium alone (negative 
control), 1, 10 or 50 µg/ml of EtAg or 200 ng/ml of LPS (positive control) for 3, 6 and 12 
hours.  RNA was extracted and the expression of IL4 mRNA measured by RT-qPCR.  Data 
are presented as corrected 40-Ct values for four individual birds except for BMDC at 3 h 
where data are shown for three birds for medium and LPS-treated cultures.  Individual 
colours denote data from individual birds.  Asterisks indicate significant differences 
compared to medium controls at p≤0.05 according to the Mann-Whitney U test.   
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Figure 3-7:  TGFB4 mRNA expression in BMM and BMDC following stimulation with 
EtAg.  BMM and BMDC were cultured until day 6 then incubated with medium alone 
(negative control), 1, 10 or 50 µg/ml of EtAg or 200 ng/ml of LPS (positive control) for 3, 6 
and 12 hours.  RNA was extracted and the expression of TGFB4 mRNA measured by RT-
qPCR.  Data are presented as corrected 40-Ct values for four individual birds except for 
BMDC at 3 h where data are shown for three birds for medium and LPS-treated cultures.  
Individual colours denote data from individual birds.  Asterisks indicate significant 
differences compared to medium controls at p≤0.05 according to the Mann-Whitney U test.   
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To investigate the regulatory activities of BMM and BMDC in response to EtAg, 
IL10 mRNA was measured.  In this chapter, the primers and probe set used to 
quantify IL10 mRNA was IL10 (1) as given in Table 2-1 (Chapter 2).  IL10 mRNA 
expression did not change significantly in BMM following EtAg stimulation 
however did increase in BMM from some birds (Figure 3-8).   
Following stimulation with EtAg, IL10 mRNA expression in BMDC increased at 3 
hps in a dose-dependent manner.  Overall, BMM expressed more IL10 mRNA than 
BMDC following stimulation with EtAg.   
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Figure 3-8:  IL10 mRNA expression in BMM and BMDC following stimulation with EtAg.  
BMM and BMDC were cultured until day 6 then incubated with medium alone (negative 
control), 1, 10 or 50 µg/ml of EtAg or 200 ng/ml of LPS (positive control) for 3, 6 and 12 
hours.  RNA was extracted and the expression of IL10 mRNA measured by RT-qPCR.  Data 
are presented as corrected 40-Ct values for four individual birds except for BMDC at 3 h 
where data are shown for three birds for medium and LPS-treated cultures.  Individual 
colours denote data from individual birds.  Asterisks indicate significant differences 
compared to medium controls at p≤0.05 according to the Mann-Whitney U test.   
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To determine if EtAg was toxic to the cells, the use of a live/dead cell stain was used.  
SYTOX® Blue, a dye which is able to enter dead cells and bind nucleic acids, was 
used to determine the proportion of live/dead cells within the CD45+ cell population 
in EtAg-stimulated BMM cultures by FACS (Figure 3-9).  BMM were cultured 
overnight with medium only, 1, 10 and 50 µg/ml of EtAg or 200 ng/ml of LPS.  The 
forward scatter (FSC) vs side scatter (SSC) plot showed that the addition of EtAg to 
BMM cultures resulted in debris that lies both above the population observed for 
BMM and also within the same range of the BMM cell population (Figure 3-9A).  
Fewer live cells were also observed with increasing concentration of EtAg.  The 
BMM cell population was gated on populations from the FSC vs. CD45+ cells plots 
(Figure 3-9B) and as a result some EtAg debris (Figure 3-9B; EtAg only) was 
included in this population.  The proportion of live and dead cells within the CD45+ 
population was determined (Figure 3-9C).  The proportion of dead cells increased 
with increasing concentration of EtAg, and although EtAg did appear to exhibit some 
toxicity towards the BMM, a large proportion of the dead cells observed was also 
expected to be due to the presence of EtAg debris. 
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Figure 3-9:  FACS analysis of BMM stimulated with EtAg.  BMM were cultured from one 
Novogen Brown chicken until day 6 then stimulated with 1, 10 and 50 µg/ml of EtAg 
overnight, 200 ng/ml of LPS as a positive stimulation control and medium only as a negative 
control.  To differentiate EtAg from BMM, BMM were stained with a mouse anti-chicken 
CD45 antibody (Clone LT40) and Sytox Blue to detect dead cells.  Shown is the forward 
scatter (FSC) versus side scatter (SSC) of the entire BMM culture content (A), FSC versus 
CD45+ cells with gating (indicated by rectangle) for CD45+ cells (B) and the proportion of 
live/dead cells within the gated CD45+ cell population shown by plots of Sytox Blue stained 
cells versus CD45+ cells (C).   
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Although it appeared that EtAg is toxic to BMM, particularly at higher 
concentrations, it was also noted that, following culture with EtAg, BMM and 
BMDC were still adherent to the plates indicating that live cells were still present in 
the cultures indicating that a proportion of the cell death observed following FACS 
analysis may be due to the combination of EtAg stimulation and the harvesting and 
staining of the cells.  To test if cells adherent to the plate following culture with EtAg 
were alive, BMM were stimulated overnight with medium, 1, 10 or 50 µg/ml of 
EtAg or 200 ng/ml of LPS and stained with propidium iodide (PI).  Following 
stimulation with medium (Figure 3-10A) and 1 µg/ml of EtAg, (Figure 3-10B) many 
cells did not stain with PI and were adherent to the bottom of the plate indicating the 
presence of live cells.  Following stimulation with 10 µg/ml of EtAg (Figure 3-10C), 
fewer live cells were observed although were still present.  However, following 
stimulation with 50 µg/ml of EtAg (Figure 3-10D), very few live cells were adherent 
to the plate and more were stained with PI overall.  Following LPS stimulation 
(Figure 3-10E), many of the cells were also found to be dead, however there was still 
a presence of high numbers of live cells adherent to the plate.  This suggests that 
BMM were able to withstand EtAg up to concentrations of 10 µg/ml but at 50 µg/ml, 
EtAg becomes much more toxic to the cells, although there were still small numbers 
of live cells adherent to the plate at this concentration.  As cells are lysed directly on 
the plate prior to RNA extraction, EtAg stimulated BMM cultures were suitable for 
RNA extraction and RT-qPCR analysis. 
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Figure 3-10:  Propidium iodide (PI) stain of BMM stimulated with EtAg.  BMM were 
cultured from one Novogen Brown chicken until day 6 then stimulated overnight with 
medium only (A), 1 µg/ml (B), 10 µg/ml (C), 50 µg/ml (D) of EtAg or 200 ng/ml LPS (E) 
and 30 µM of PI in BMM culture medium added.  Bars represent 50 µm.   
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As LPS is a potent stimulator of BMM and BMDC, the presence of LPS in EtAg was 
determined using the Pierce™ LAL Chromogenic Endotoxin Quantitation Kit.  At 50 
µg/ml, EtAg contained LPS at a concentration of 0.03 ng/ml.  At 10 and 1 µg/ml, the 
level of LPS in EtAg was below the detection limit of the assay (data not shown).     
3.2.2 Response of BMM to vaccine candidates IMP1 and 
AMA1 
Bacterial expression vectors (pET-32b; Novagen) containing the IMP1 and AMA1 
genes of both E. maxima and E. tenella were supplied by Prof. D. Blake (RVC, 
London).  IMP1 and AMA1 genes from E. tenella and E. maxima were successfully 
sub-cloned from the pET32b bacterial expression vector into the pSecTag2 A 
mammalian expression vector using the methods outlined in section 2.1.  The 
resulting plasmid sequences were confirmed using the Sanger sequencing method by 
Edinburgh Genomics.  The purpose of sub-cloning these genes into a mammalian 
expression vector was to produce recombinant IMP1 and AMA1 in a mammalian 
expression system, eliminating the possibility of LPS contamination that would have 
arisen from use of a bacterial expression system.  Proteins produced in bacteria also 
undergo different post-translational modifications to those in eukaryotic cells, and by 
using a mammalian expression system to produce recombinant IMP1 and AMA1, 
post-translational modifications would more closely reflect that of Eimeria.   
Recombinant EmIMP1, EtIMP1 and EtAMA1 were successfully expressed in COS-7 
cells and detected in supernatants by dot blot.  EmAMA1 was not detected in either 
supernatants or COS-7 cell lysates following the DEAE-dextran method of 
transfection with the pSecTag2 A-EmAMA1 plasmid, however was detectable in 
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HEK293T cell supernatant transfected using the PEI method of transfection (Figure 
3-11A).   
To determine the concentrations of recombinant protein in transfected cell 
supernatants, a LI-COR western blot was performed (Figure 3-11B).  A recombinant 
ovine prion protein (OvPrP; Whyte et al. (2003)) was kindly provided by Dr A. Gill 
(Roslin Institute, UK) and used to generate a standard curve against which the 




Figure 3-11:  Detection and quantification of recombinant Eimeria proteins in mammalian 
cell lines as detected by His-tag.  Expression of recombinant EmIMP1 (75 kDa), EtIMP1 (70 
kDa) and EtAMA1 (68 kDa) in COS-7 cells and EmAMA1 (59 kDa) in HEK293T cells was 
detected by dot blot.  Mock-transfected COS-7 supernatant was used as a negative control 
(A).  The concentration of recombinant proteins in supernatants was measured by LI-COR 
western blot.  OvPrP (17.5 kDa) of known concentration was used to produce a standard 
curve against which the concentration of recombinant Eimeria proteins was calculated (B).  
ND; not detected.   
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Table 3-1:  Concentration of recombinant Eimeria proteins as determined by LI-COR 
western blot.  Transfected COS-7 and HEK293T cell culture supernatants containing 
recombinant Eimeria proteins were ran alongside known concentrations of recombinant 
OvPrP and the staining intensity of each band measured using Image Studio Lite version 5.0.  
The concentration of recombinant proteins present in supernatants was calculated against a 
standard curve generated from the OvPrP concentrations. 
Recombinant Protein Concentration (µg/ml) 
EmIMP1 79.2 
EtIMP1 34.0 
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BMM were stimulated with recombinant EmIMP1, EtIMP1, EmAMA1 and 
EtAMA1 for 3, 6 and 24 h.  EmAMA1 stimulation increased IL6 mRNA expression 
in BMM (Figure 3-12). 
 
 
Figure 3-12:  IL6 mRNA expression in BMM stimulated with Eimeria recombinant proteins.  
BMM were cultured until day 6 then stimulated with two concentrations of recombinant 
EmIMP1, EtIMP1, EmAMA1 or EtAMA1, medium only (negative control), mock-
transfected COS-7 or HEK293T medium (negative control) or 200 ng/ml LPS (positive 
control) for 3, 6 and 24 h.  RNA was extracted and IL6 mRNA measured by RT-qPCR.  For 
EmIMP1, EtIMP1 and EtAMA1 the low concentration was 1 µg/ml and the high was 10 
µg/ml.  The concentration of recombinant EmAMA1 was not determined and therefore a 
dilution of 1 in 4 was used for the low concentration and 1 in 40 for the high concentration.  
Data are presented as the mean corrected 40-Ct of three biological replicates ± SD.  Asterisks 
indicate significant differences compared to media controls at p≤0.05 according to the Mann-
Whitney U test.   
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The expression of NOS2 mRNA was also measured.  EtIMP1 and EmAMA1 
stimulation increased NOS2 mRNA expression in BMM (Figure 3-13). 
 
 
Figure 3-13:  NOS2 mRNA expression in BMM stimulated with Eimeria recombinant 
proteins.  BMM were cultured until day 6 then stimulated with two concentrations of 
recombinant EmIMP1, EtIMP1, EmAMA1 or EtAMA1, medium only (negative control), 
mock-transfected COS-7 or HEK293T medium (negative control) or 200 ng/ml LPS 
(positive control) for 3, 6 and 24 h.  RNA was extracted and NOS2 mRNA measured by RT-
qPCR.  For EmIMP1, EtIMP1 and EtAMA1 the low concentration was 1 µg/ml and the high 
was 10 µg/ml.  The concentration of recombinant EmAMA1 was not determined and 
therefore a dilution of 1 in 4 was used for the low concentration and 1 in 40 for the high 
concentration.  Data are presented as the mean corrected 40-Ct of three biological replicates 
± SD.  Asterisks indicate significant differences compared to media controls at p≤0.05 
according to the Mann-Whitney U test.  
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3.2.3 Recognition of Eimeria by chicken TLRs 
Before TLR recognition of Eimeria antigens was investigated, the expression of 
TLRs in BMM and BMDC was first confirmed by RT-qPCR.  The expression of 
TLR1LA, TLR1LB, TLR2A, TLR2B and TLR21 was measured in BMM and 
BMDC stimulated with medium, EtAg and LPS (Figure 3-14).  All TLRs measured 
were expressed in both BMM and BMDC but overall levels of expression did not 
change following stimulation with either EtAg or LPS. 
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Figure 3-14:  Expression of TLR mRNA in BMM and BMDC following stimulation with 
EtAg.  BMM and BMDC were cultured until day 6 then cultured with medium alone 
(negative control), 50 µg/ml EtAg or 200 ng/ml LPS for 6 hours.  RNA was extracted and 
150 ng of RNA was pooled between two sets of two birds in each group and expression of 
TLR1LA (A), TLR1LB (B), TLR2A (C), TLR2B (D) and TLR21 (E) measured by RT-qPCR.  
Data are presented as the mean corrected 40-Ct of the two samples of each group ±SEM of 
triplicate wells.  
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To elucidate which chicken TLRs may be important in host recognition of various 
Eimeria PAMPs, a HEK293T-SEAP reporter gene assay was performed to determine 
if recombinant EmIMP1, EtIMP1, EmAMA1, EtAMA1 or EtAg were recognised by 
TLR1LB/2A or TLR1LB/2B heterodimers or TLR21.   
Increased OD values were observed in supernatants of cells expressing TLR1LB/2A 
heterodimers and stimulated with neat supernatants containing EtIMP1, EtAMA1 
and EmAMA1 indicating that these recombinant proteins can be recognised by 
TLR1LB/2A heterodimers (Figure 3-15).   
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Figure 3-15:  Recognition of recombinant Eimeria proteins IMP1 and AMA1 and EtAg by 
TLR1LB/2A heterodimers.  HEK293T-SEAP cells were either transfected with pcDNA3-
TLR1LB-YFP and pcDNA3-TLR2A-YFP, pcDNA3-empty vector or left untransfected then 
stimulated with 1 µg/ml, 10 µg/ml or neat (undiluted) COS-7 or HEK293T supernatant (SN) 
containing recombinant IMP1 and AMA1 from both E. tenella (Et) and E. maxima (Em) or 
EtAg.  The concentration of recombinant EmAMA1 was not determined therefore dilutions 
of 1 in 10 and 1 in 100 were used.  As a positive control Pam3CSK4 was used at 100 ng/ml.  
As negative controls, DMEM medium (2% FBS), mock-transfected HEK293T supernatant 
and mock-transfected COS-7 SN were used.  Results shown are means of triplicate wells 
from three technical replicates ± SEM.  Single asterisk indicates significance at p≤0.05 and 
double asterisks at p<0.001 compared to medium, HEK293T and COS-7 supernatant 
stimulated wells according to the Mann Whitney U test.   
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No increases to OD values in supernatants of HEK293T cells expressing 
TLR1LB/2B heterodimers were observed with any of the Eimeria antigens tested 
indicating that TLR1LB/2B heterodimers do not recognise these Eimeria antigens 
(Figure 3-16).   
 
Figure 3-16:  Recognition of recombinant Eimeria proteins IMP1 and AMA1 and EtAg by 
TLR1LB/2B heterodimers.  HEK293T-SEAP cells were either transfected with pcDNA3-
TLR1LB-YFP and pcDNA3-TLR2B-YFP, pcDNA3-empty vector or left untransfected then 
stimulated with 1 µg/ml, 10 µg/ml or neat (undiluted) COS-7 or HEK293T supernatant (SN) 
containing recombinant IMP1 and AMA1 from both E. tenella (Et) and E. maxima (Em) or 
EtAg.  The concentration of recombinant EmAMA1 was not determined therefore dilutions 
of 1 in 10 and 1 in 100 were used.  As a positive control Pam3CSK4 was used at 100 ng/ml.  
As negative controls, DMEM medium (2% FBS), mock-transfected HEK293T supernatant 
and mock-transfected COS-7 supernatant were used.  Results shown are means of triplicate 
wells from three technical replicates ± SEM.  Double asterisks indicate significance at 
p<0.001 compared to medium, HEK293T and COS-7 supernatant stimulated wells according 
to the Mann Whitney U test.   
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No increases to OD values in supernatants of HEK293T cells expressing TLR21 
were observed with any of the Eimeria antigens tested indicating that TLR21 does 
not recognise these antigens (Figure 3-17).   
 
 
Figure 3-17:  Recognition of recombinant Eimeria proteins IMP1 and AMA1 and EtAg by 
TLR21.  HEK293T-SEAP cells were either transfected with pcDNA3-TLR21-YFP, 
pcDNA3-empty vector or left untransfected then stimulated with 1 µg/ml, 10 µg/ml or neat 
(undiluted) COS-7 or HEK293T supernatant (SN) containing recombinant IMP1 and AMA1 
from both E. tenella (Et) and E. maxima (Em) or EtAg.  The concentration of recombinant 
EmAMA1 was not determined therefore dilutions of 1 in 10 and 1 in 100 were used.  As a 
positive control, CpG-ODN was used at 25 µg/ml.  As negative controls, DMEM medium 
(2% FBS), mock-transfected HEK293T supernatant and mock-transfected COS-7 
supernatant were used.  Results shown are means of triplicate wells from three technical 
replicates ± SEM.  Double asterisks indicate significance at p<0.001 compared to medium, 
HEK293T and COS-7 supernatant stimulated wells according to the Mann Whitney U test.   
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3.3 Discussion 
Previous studies investigated the role of the HD11 and HTC chicken macrophage-
like cell lines and their response to Eimeria and Eimeria antigens however the 
responses of primary cells, chicken BMM and BMDC, have not been investigated.  
To assess the role of APC in mediating the inflammatory response during Eimeria 
infection, BMM and BMDC were stimulated with EtAg and proinflammatory, Th1 
and Th2 driving cytokines were measured by RT-qPCR.  In response to EtAg, BMM 
and BMDC both increased mRNA expression of proinflammatory cytokine genes 
including IL1B, IL6 and NOS2 in a dose-dependent manner.  BMM and BMDC 
appeared to have similar capacities to promote inflammatory responses to EtAg.  
Other studies have examined the responses of macrophage cell lines to Eimeria 
antigens.  The HTC cell line expressed more NOS2 and IL1B mRNA in response to 
E. tenella surface antigens (SAGs) and IL1B, IL6 and IL18 mRNA in response to E. 
maxima, E. tenella and E. acervulina sporozoites (Chow et al., 2011).  In another 
study, the HD11 macrophage-like cell line increased NO production following 
stimulation with E. tenella sporozoites (Lillehoj et al., 2004).   
IFNG and IL12A mRNA were measured to assess the potential of BMM and BMDC 
in driving Th1 responses.  EtAg stimulation did not increase IFNG or IL12A 
expression in BMM but did increase IFNG and IL12A expression in BMDC from 
some birds.  Previous studies have also shown DCs to have a role in the IFNγ/Th1 
response to Eimeria.  Immunisation of chickens with DC-derived exosomes 
containing E. maxima, E. tenella or E. acervulina antigens resulted in increased 
numbers of IFN-γ-producing cells in the spleen, CT and PP.  In addition, increased 
weight gains and reduced oocyst shedding were observed in the birds following 
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challenge (del Cacho et al., 2012).  In another study, E. acervulina 3-1E profilin 
stimulated IL-12p70 production in murine DCs (Rosenberg et al., 2005) further 
adding to the case that DCs are capable of initiating Th1 responses to Eimeria.  
During Eimeria infection, IFN-γ is thought to be important not only in initiating the 
Th1 response but in reducing sporozoite replication.  Pre-treatment of BMM with 
recombinant IFN-γ resulted in a reduced ability of sporozoites to replicate within 
macrophages (Dimier et al., 1998).   The results of this study indicate that BMDC 
have the capacity to promote a Th1 response following stimulation with Eimeria 
antigens and indicate that DC can be more efficient in driving the Th1 response 
during Eimeria infection than macrophages.  However, a previous study found that in 
response to E. tenella merozoite lysate, the HTC cell line increased expression of 
IL12 and IFNG mRNA transcripts (Chow et al., 2011).  Another study demonstrated 
that the same cell line increased IFNG mRNA transcripts in response to E. tenella 
sporozoites however, decreased IFNG production in response to E. maxima and E. 
tenella sporozoites was also observed (Dalloul et al., 2007).   
As expected, EtAg did not stimulate the expression of Th2-associated cytokines 
TGFB4 and IL4 in either BMM or BMDC in response to EtAg.  EtAg stimulated the 
expression of IL10 mRNA in BMM, although not significantly, and in BMDC only 
at 3 hps.  The results indicate that both macrophages and DCs produce IL-10 in 
response to Eimeria antigens, but macrophages are likely the main cell type to 
produce IL-10 during Eimeria infection (Rothwell et al., 2004).  The HTC cell line 
increased IL10 mRNA expression in response to E. tenella merozoite lysate (Chow et 
al., 2011) and together, with the findings of this study, support a regulatory role for 
macrophages during Eimeria infection.  
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The concentration of LPS in 50 µg/ml of EtAg was 0.03 ng/ml.  LPS is a potent 
stimulator of BMM and BMDC, which respond to LPS in a dose-dependent manner 
(Sutton, 2014).  The response of these cells to concentrations of LPS below 1 ng/ml 
has not been studied, however based on the dose-dependent manner to which these 
cells respond, it is unlikely that the LPS concentration in EtAg is sufficient to cause 
the increases in cytokine mRNA observed in this study.  However, EtAg at 50 µg/ml 
and LPS at 200 ng/ml is toxic to the cells, therefore the results of BMM and BMDC 
stimulated with these concentrations of EtAg and LPS should be interpreted with 
caution.  Previous studies have used LPS at concentrations of 200 ng/ml to stimulate 
chicken BMDC (Wu et al., 2010) and 500 ng/ml to stimulate chicken BMM (Wu et 
al., 2016).  The results of this study suggest that the concentration of LPS with which 
BMM and BMDC are stimulated should be optimised for both maximal responses 
and minimal toxicity before future experiments are performed.   
Recombinant IMP1 and AMA1 were successfully sub-cloned from the bacterial 
expression vector (pET32b) to the mammalian expression vector (pSecTag2A) and 
expression was detected in either transfected COS-7 or HEK293T cell culture 
supernatants by dot blot.  The concentration of each protein in supernatant was 
determined by LI-COR western blot.  However, the size of the OvPrP was much 
smaller (approx. 19 kDa; Whyte et al. (2003)) in comparison with that of the Eimeria 
recombinant proteins IMP1 and AMA1 (ranging from 59-75 kDa; (Jiang et al., 2012; 
Jenkins et al., 2015)).  The discrepancy between the size of the protein standard and 
the recombinant proteins likely contributed towards the high concentration values 
obtained which were likely to be overestimates.  To overcome this issue, proteins 
were quantified on the same western blot so as to achieve concentration values 
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relative to one another, ensuring that BMM were stimulated with similar 
concentrations of each protein.  As the concentration of each protein is likely an 
overestimate, BMM were stimulated with high concentrations (10 and 1 µg/ml) of 
each recombinant protein.  In the case of EmAMA1 where a concentration was not 
obtained but the protein was present in HEK293T cell supernatant, dilutions of 1 in 4 
and 1 in 40 of EmAMA1 were used. 
These results show that BMM are capable of responding in a proinflammatory 
fashion to recombinant EtIMP1 and EmAMA1 by upregulation of IL6 and NOS2 
mRNA, indicating that macrophages could have a role in recognising these proteins 
in response to vaccination and in doing so facilitate inflammatory responses.  No 
responses were observed by BMM in response to EmIMP1 or EtAMA1.  It is 
possible that this is due to the over-estimation of protein concentrations and that 
sufficient protein was not present to elicit a response from the BMM.  To improve 
upon these results, purification of the recombinant proteins would be necessary and 
would allow for the further characterisation of BMM responses to these proteins and 
the capacity of BMM to produce Th-promoting cytokines could be examined.   
The roles of APC during Eimeria infection have not been fully characterised.  During 
infection, Eimeria sporozoites enter the gut epithelium at the villi tips.  Sporozoites 
then travel towards the crypts where replication occurs and schizonts are formed.  
The route by which sporozoites travel from the villi tips to the crypts has not been 
determined but it has been suggested that macrophages are involved in phagocytosis 
and transport of sporozoites to the crypt regions in the gut (Challey et al., 1959; Rose 
et al., 1977).  Another study found that the majority of sporozoites were present in 
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host cells on their journey from the villus epithelium to the crypts, but that these cells 
were not macrophages but IELs (Lawn et al., 1982).  Vervelde et al. (1996) found 
that more sporozoites were found next to or within macrophages in naïve chickens 
compared with immune chickens and Cornelissen et al. (2009) found that the 
numbers of macrophages in the duodenum, jejunum and caecum of broilers increased 
following E. acervulina, E. maxima and E. tenella infection respectively and 
Swinkels (2008) found increased macrophages in the jejunum of broilers following 
E. maxima and E. acervulina infection.  Other in vivo studies have shown that 
macrophage numbers did not increase following E. maxima and E. tenella infection 
(This Thesis, Chapter 3) and E. acervulina infection (Velkers et al., 2010) in broilers.  
However, following E. falciformis infection in mice, increased numbers of 
macrophages were observed in the caecum (Schmid et al., 2014) and during E. bovis 
infection in calves, macrophages infiltrate the gut following primary infection and, to 
an even greater extent, following secondary infection (Taubert et al., 2009).   
This chapter also aimed to identify which chicken TLRs recognised EmIMP1, 
EtIMP1, EmAMA1, EtAMA1 and EtAg by means of a SEAP reporter gene assay.  
When stimulated with Eimeria antigens, HEK293T-SEAP cells expressing 
TLR1LB/2B heterdimers or TLR21 did not increase activation of NF-κB and so 
these TLRs are unlikely involved in recognition of Eimeria IMP1 or AMA1.  NF-κB 
was activated in HEK293T-SEAP cells expressing chicken TLR1LB/2A 
heterodimers when stimulated with EtIMP1, EtAMA1 and EmAMA1 indicating that 
these proteins could be involved in host recognition of E. maxima and E. tenella.  
Upon stimulation with TLR2 ligands peptidoglycan and Pam3CSK4, oxidative burst, 
degranulation and expression of IL1B, IL6 and IL8 mRNA increased in chicken 
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heterophils (Kogut et al., 2005a).  In mammals, TLR1/2 heterodimers present on 
mice BMM recognise GPI from Plasmodium falciparum and in response increase 
production of proinflammatory IL-6 and nitrite (Zhu et al., 2011) and stimulation of 
murine BMM with TLR2 ligand Pam3CSK4 can induce IL1B and IL18 mRNA 
expression (Zhu et al., 2017).  These studies, together with the finding that EtIMP1, 
EtAMA1 and EmAMA1 can be recognised by chicken TLR1LB/2A heterodimers, 
support a role for TLR1LB/2A in recognising Eimeria and inducing the production 
of proinflammatory mediators in APC. 
Stimulation of TLR21-transfected HEK293T-SEAP cells with EtAg did not result in 
the activation of NF-κB.  CpG ODN is the natural ligand for TLR21 and EtAg is 
expected to contain CpG DNA therefore the reasons for its failure to activate NF-κB 
in HEK293T-SEAP cells expressing TLR21 are unclear.  One possibility is the 
sensitivity of the assay as even in the CpG ODN positive control, a high 
concentration was required to stimulate NF-κB activation and drive SEAP 
expression.  This, combined with a possible low concentration of CpG DNA in EtAg, 
would result in failure of TLR21 to detect CpG DNA in this context.   Chicken 
TLR21 is the functional homolog of mammalian TLR9 which plays an important 
role in the recognition of other protozoans.  In T. gondii infection, TLR9-/- mice fail 
to mount Th1-responses and display sub-optimal IFNγ production (Minns et al., 
2006) and TLR9 can also recognise P. falciparum hemozoin, a byproduct of the 
digestion of haemaglobin by the parasite (Coban et al., 2005).  Although hemazoin is 
not produced by Eimeria, this demonstrates the plasticity of TLRs to recognise 
ligands outwith their natural repertoire. 
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TLRs 1LA, 1LB and 2 are up-regulated in caecal IELs in response to E. tenella 
infection suggesting a role in early recognition of the parasite (Zhang et al., 2012).  
Mammalian TLR2 is able to recognise protozoan GPI which is expressed on 
protozoan parasite surfaces (Campos et al., 2001).  As chicken TLR2A and TLR2B 
are similar to mammalian TLR2, chicken TLR1/2 heterodimers containing TLR2A 
or 2B are candidate TLRs in the recognition of GPI-anchored Eimeria proteins.  GPI-
anchored surface antigens (SAG) from E. tenella induced inflammatory responses 
(increased nitrite production and expression of NOS2 and IL1B mRNA) in the HTC 
macrophage cell line (Chow et al., 2011).  These findings indicate that macrophages 
can recognise GPI-anchored Eimeria surface proteins and in response increase the 
production of proinflammatory mediators.  In heterophils and monocyte-derived 
macrophages, TLR4 and TLR15 are both upregulated following stimulation with live 
and heat killed E. tenella sporozoites (Zhou et al., 2013) suggesting these TLRs are 
involved in recognising Eimeria sporozoites.  Murine TLR11 can recognise toxofilin, 
the T. gondii homolog of profilin.  Profilin is an actin-binding protein, which is 
highly conserved across apicomplexans including Eimeria and is expressed 
throughout most stages of the life cycle (Fetterer et al., 2004; Lee et al., 2013).  
Recognition of toxofilin by DCs via TLR11 induced CD4+ T cell-mediated immunity 
against the pathogen by increasing IL-12p40 production in DCs (Yarovinsky et al., 
2005).  Additionally, TLR11 can also recognise FliC, a component of flagellin, from 
Salmonella typhimurium and E. coli (Mathur et al., 2012).  A chicken homolog of 
TLR11 has not been identified, but given the ability of murine TLR11 to recognise 
flagellin, a TLR5 ligand, chicken TLR5 is a candidate receptor for Eimeria profilin.  
The SEAP reporter gene assay is under development for TLR1LA in combination 
116   
with TLR2A and B, and TLRs 4 and 5, but due to high background readings in 
mock-transfected HEK293T-SEAP cells and failure of positive controls to induce 
SEAP expression it was not possible to test these TLRs in this study. 
In conclusion, BMM and BMDC produce proinflammatory cytokines in response to 
EtAg.  BMM had a more regulatory phenotype characterised by the expression of 
IL10 in response to EtAg whereas BMDC were more Th1-promoting in their 
expression of IL12A and IFNG.  We show that potential vaccine candidates IMP and 
AMA1 can be recognised via TLR1LB/2A heterodimers and that BMM responded to 
these antigens by upregulating the expression of NOS2 and IL6.  During Eimeria 
infection, macrophages are able to recognise IMP1 and AMA1 and orchestrate both 
the innate inflammatory response and the adaptive response in order to facilitate 
protective immunity in response to vaccination with both IMP1 and AMA1.  
Purification of recombinant IMP1 and AMA1 would allow for more robust testing of 
BMM responses to these vaccine candidates and further characterisation of the 
ability of BMM to produce Th-promoting cytokines could be explored.  Further 
development of the SEAP assay for TLR1LA/2A and TLR1LA/2B heterodimers,  
TLR4 and TLR5 would present an exciting opportunity to determine if these PRR 
can recognise Eimeria antigens, in particular GPI-anchored SAGs (by TLR1LA/B 







Chapter 4 Immune response of Ross 308 
broilers to infection with E. maxima 




The fact that Eimeria induces a predominantly IFNγ/Th1-mediated immune response 
is well established (Rose et al., 1979; Rose et al., 1989; Rose et al., 1991; Yun et al., 
2000; Kwa et al., 2006) however the responses of Th17 cells during Eimeria 
infection are not well characterised.  Infection with Eimeria induces an inflammatory 
response that can include many of the driving forces behind a Th17 response; 
increases to IL-1β (Laurent et al., 2001), IL-6 (Lynagh et al., 2000) and TGF-β4 
(Jakowlew et al., 1997) have been reported; providing the ideal context for induction 
of a Th17-mediated response.  In mammals, naïve T cells are driven towards a Th17 
phenotype by antigen presentation to naïve CD4+ cells via MHCII in the presence of 
TGF-β4, IL-1β, IL-6, IL-21 and IL-23 cytokines.  IL-17A, IL-17F, IL-21 and IL-22 
are considered Th17 effector cytokines.  To date, studies attempting to elucidate 
Th17 responses during Eimeria infection have shown IL-17A mRNA to be up-
regulated in duodenal IELs during E. acervulina infection and jejunal IELs during E. 
maxima infection (Hong et al., 2006a; Hong et al., 2006b) but unchanged in caecal 
IELs during E. tenella infection (Hong et al., 2006a).  Increased IL-17F mRNA was 
also observed in the gut following E. maxima infection (Kim et al., 2014).  Th17 
cytokines have also been implicated in immunopathology during E. tenella infection 
in chickens where IL-17A was neutralised with an antibody, resulting in decreased 
oocyst shedding, reduced lesion score and increased weight gains (Zhang et al., 
2013).  During E. falciformis infection, antibody-mediated neutralisation of IL-17A 
and IL-22 increased parasite burden in IFNγ knockout mice however reduced weight 
loss was also observed (Stange et al., 2012).  
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The hypothesis is that Th17 cells are involved in the immune response to Eimeria, 
and that the Th17 response contributes to inflammation-induced pathology and is 
important to limiting parasite replication in the gut during E. maxima and E. tenella 
infection.  This chapter aims to identify a Th17 response in the intestinal tract by 
measuring the expression of Th17-associated cytokines by RT-qPCR analysis during 
Eimeria infection in Ross 308 broilers that have been given a primary inoculation of 
either E. maxima or E. tenella.  To characterise Th17 responses, gene expression of 
Th17 driver and effector cytokines TGFB4, IL17A, IL17F, IL21, IL22 and IL23R was 
measured.  Target genes for RT-qPCR also included IFNG and IL13.  In both 
mammals and chickens, IFNγ is a proinflammatory cytokine and is considered the 
main driving and effector force behind a Th1 response (Guo et al., 2013).  IL-13 is 
considered a Th2 effector cytokine, but can also be produced by other cell types 
including macrophages and can suppress inflammatory activities of monocytes, 
enhance B cell proliferation and promote Ig isotype switching (Powell et al., 2009).  
Increased IL-10 has previously been implicated in susceptibility to E. maxima 
infection in line 15I White Leghorn chickens (Rothwell et al., 2004) and was also 
studied.    
In addition, changes to the cell populations within the jejunum following E. maxima, 
and the caecum following E. tenella infection were evaluated by ICC.  To analyse 
changes to different T cell populations within the gut, antibodies to various T cell 
markers including CD4, CD8α, TCRαβ1, TCRαβ2, TCRγδ and CD25 were utilised.  
CD25 is present on activated T cells (Hála et al., 1986) and NK cells (Neulen et al., 
2015).   
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The Bu-1 antibody recognises chB6 present on all B cells but not plasma cells 
(Houssaint et al., 1987; Rothwell et al., 1996; Tregaskes et al., 1996) and was used 
to study the B cell population during Eimeria infection.   
Currently, there is no single defining marker for NK cells available.  In the chicken, 
NK cells are abundant in the intestinal epithelium.  Chicken NK cells can express 
CD8αα+  (Göbel et al., 2001) but, upon activation, will down-regulate expression of 
CD8α (Jansen et al., 2010) and up-regulate expression of CD25+ (Neulen et al., 
2015).  A subset of NK cells that express chB6 are also present in the intestinal 
epithelium (Vervelde et al., 1993a).   
To assess APC populations during the course of Eimeria infection two antibodies 
were used.  The first, KUL01, recognises chicken mannose receptor 1 (MRC1L-B) 
present on macrophages (Staines et al., 2014).  The second, an antibody to the 
chicken T cell immunoglobulin mucin domain containing protein (Tim4; clone JH9) 
that is present on APC subpopulations and TCRγδ+ cells recognises 
phosphatidylserine on apoptotic cells.  As in mammals, chicken Tim4 on APC is the 
ligand for Tim1 on T cells and their interaction regulates T cell proliferation.  The 
JH9 antibody recognises both the short and long isoforms of Tim4 (Hu et al., 2016).   
Combining RT-qPCR gene expression data and ICC analysis of cell populations 
within the gut during infection will provide insight into the cellular mechanisms 
underpinning immune responses to Eimeria infection and provide a basis for further 
study into which cell types are responsible for the production of which cytokines 
during infection.    
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4.2 Results 
4.2.1 Body weight gain after infection with E. maxima and E. 
tenella 
The weight of each bird was recorded at 2 dpi and then again before they were culled 
to calculate body weight gain during infection.  Infection with E. maxima and E. 
tenella did not affect weight gain until day 15, when E. maxima-infected birds had 
significantly (p<0.05) lower weight gain than control birds (Figure 4-1).   
 
 
Figure 4-1:  Weight gains (g) in Ross 308 broilers infected with either E. maxima or E. 
tenella as compared to uninfected birds.  Three-week-old Ross 308 broilers were orally 
inoculated with 2 x 103 E. maxima or E. tenella oocysts.  Weight gains were calculated in 
individual birds from 2 dpi to time of culling.  Shown are the mean weight gains ± SD for 
each time point; n=3 for control and n=5 for infected groups.  An asterisk denotes a 
significant difference (p<0.05; Mann-Whitney U test) in the weight of E. maxima-infected 
broilers as compared to uninfected control birds at 15 dpi.   
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4.2.2 E. maxima and E. tenella replication in the gut 
As a measure of parasite replication, qPCR was employed to measure the quantity of 
parasite genomic DNA in the jejunum and caecum during the course of E. maxima 
and E. tenella infection.  No parasite DNA was detected in any of the control birds.  
E. maxima genomic DNA was first detected in the jejunum from 4 to 8 dpi and 
peaked 5 dpi (Figure 4-2A).  E. tenella DNA was first detected in the caeca at 3 dpi, 
peaked at 6 dpi and was not cleared completely during the course of the experiment 
(Figure 4-2B).    
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Figure 4-2:  Parasite replication in the jejunum of E. maxima-infected and caecum of E. 
tenella-infected Ross 308 broilers as determined by qPCR.  E. maxima (A) was quantified by 
an established qPCR method targeting the MIC1 gene (Blake et al., 2006).  E. tenella (B) 
was quantified by a qPCR reaction targeting the RAPD-SCAR marker Tn-E03-1161 (Nolan 
et al., 2015).  For E. maxima-infected and control jejunum samples, 10 cm of jejunum 
spanning 5 cm either side of the MD was collected for genomic DNA extraction.  For E. 
tenella-infected samples and control birds, both of the remaining caeca were pooled for 
genomic DNA extraction.  All parasite quantification was performed by Dr Matt Nolan 
(RVC, UK).  Shown are the log10 genomes per mg of host tissue.  Red circles represent 
values from individual birds and blue circles represent the mean of 5 birds.  
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4.2.3 Changes to cytokine expression in the gut after E. 
maxima and E. tenella infection 
RNA was extracted from the mid-caecum and jejunum of E. tenella- and E. maxima-
infected birds respectively and changes to the mRNA levels of cytokines were 
quantified by TaqMan® RT-qPCR as in section 2.2.  To check whether a particular 
gene was altered during infection, RNA samples were first pooled within each group 
at each time point before RT-qPCR analysis to screen for changes in gene 
expression.  Two µg of total RNA from each sample at 2, 4, 8 and 15 dpi was pooled 
and total volumes made up to 20 µl with RNase-free water.  If the expression of 
genes changed following infection expression was measured in individual birds.  No 
changes were seen in the expression of TGFB4, IL23R (Figure 4-3) IL17A or IL17F 
(Figure 4-4) mRNA from RT-qPCR analysis of the pooled RNA sample set.  No 
changes were observed in IL22 mRNA following infection with either Eimeria 
species except for E. maxima infected jejunum at 15 dpi, where IL22 was not 
detectable in the control sample (Figure 4-4). The mRNA of this sample was of 
satisfactory quality when measured using a Spectrophotometer, the RNA 
concentration was 611.9 ng/ml, the 260/280 ratio was 2.05 and the 260/230 ratio was 
2.19.  The RT-qPCR reaction was repeated for individual samples from 15 dpi and 
was detectable in all control birds at 15 dpi at similar levels to that of infected birds 
indicating that there was no change in IL-22 mRNA at this time point.  The reason 
why IL-22 mRNA was not detectable in the pooled sample set for control birds at 15 
dpi is unclear. 




Figure 4-3:  Expression of Th17 driving genes TGFB4 (A) and IL23R (B) mRNA in the 
jejunum of E. maxima-infected and mid-caecum of E. tenella-infected Ross 308 broilers as 
quantified by TaqMan® RT-qPCR.  Three-week-old broilers were orally inoculated with 2 x 
103 oocysts of either E. tenella or E. maxima and tissues collected at various time points post 
infection.  RNA samples were pooled within groups (n=3 for control and n=5 for infected 
birds).  Data presented are the mean corrected 40-Ct values for triplicate wells ± SEM.  
  




Figure 4-4:  Expression of Th17 effector cytokines IL17A (A), IL17F (B) and IL22 (C) 
mRNA expression in the jejunum of E. maxima-infected and mid-caecum of E. tenella-
infected Ross 308 broilers as quantified by TaqMan® RT-qPCR.  Three-week-old broilers 
were orally inoculated with 2 x 103 oocysts of either E. tenella or E. maxima and tissues 
collected at various time points post infection.  RNA samples were pooled within groups 
(n=3 for control and n=5 for infected birds).  Data presented are the mean corrected 40-Ct 
values for triplicate wells ± SEM.  
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From initial screening of pooled RNA samples, IL21 mRNA was the only Th17-
associated cytokine up-regulated following Eimeria infection and therefore the 
expression of IL21 mRNA was measured in individual birds (Figure 4-5).  IL21 
mRNA levels were increased significantly (p<0.05) from 4 dpi following E. maxima 
infection and 5 dpi (although not at 11 dpi) following E. tenella infection. 
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Figure 4-5:  IL21 mRNA expression in the jejunum of E. maxima-infected (A) and mid-
caecum of E. tenella-infected (B) Ross 308 broilers as quantified by TaqMan® RT-qPCR.  
Three-week-old broilers were orally inoculated with 2 x103 oocysts of either E. tenella or E. 
maxima and tissues collected at various time points post infection. Data are presented as the 
mean corrected 40-Ct values for each group ± SD.  Asterisks indicate significant differences 
between infected groups (n=5) compared to controls (n=3; p<0.05, Mann-Whitney U Test).  
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IL-15 has been shown to work in synergy with IL-21 to enhance vaccine efficacy in 
T. gondii infection in mice (Li et al., 2014) and IL15 mRNA was therefore measured 
in the pooled RNA sample set.  There was no change to IL15 mRNA expression 




Figure 4-6:  IL15 mRNA expression in the jejunum of E. maxima-infected and mid-caecum 
of E. tenella-infected Ross 308 broilers as quantified by TaqMan® RT-qPCR.  Three-week-
old broilers were orally inoculated with 2 x 103 oocysts of either E. tenella or E. maxima and 
tissues collected at various time points post infection.  RNA samples were pooled within 
groups (n=3 for control and n=5 for infected birds).  Data presented are the mean corrected 
40-Ct values for triplicate wells ± SEM.  
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To check for a Th1 response, expression of IFNG and IL2 mRNA was measured.  
During E. maxima infection, IFNG mRNA was increased significantly (p<0.05) in 
the jejunum from 4 dpi onwards and from 5 dpi onwards in the caecum during E. 
tenella infection when compared to controls (Figure 4-7).  IL2 mRNA was 
significantly (p<0.05) up-regulated following E. maxima and E. tenella infection 
(Figure 4-8).   
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Figure 4-7:  IFNG mRNA expression in the jejunum of E. maxima-infected (A) and mid-
caecum of E. tenella-infected (B) Ross 308 broilers as quantified by TaqMan® RT-qPCR.  
Three-week-old broilers were orally inoculated with 2 x 103 oocysts of either E. tenella or E. 
maxima and tissues collected at various time points post infection.  Data are presented as the 
mean corrected 40-Ct values for each group ± SD.  Asterisks indicate significant differences 
between infected groups (n=5) compared to controls (n=3; p<0.05, Mann-Whitney U Test).  
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Figure 4-8:  IL2 mRNA expression in the jejunum of E. maxima-infected (A) and mid-
caecum of E. tenella-infected (B) Ross 308 broilers as quantified by TaqMan® RT-qPCR.  
Three-week-old broilers were orally inoculated with 2 x 103 oocysts of either E. tenella or E. 
maxima and tissues collected at various time points post infection.  Data are presented as the 
mean corrected 40-Ct values for each group ± SD.  Asterisks indicate significant differences 
between infected groups (n=5) compared to controls (n=3; p<0.05, Mann-Whitney U Test).  
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To confirm the absence of a Th2 response, IL13 mRNA was measured in the pooled 
RNA sample set.  As expected, no changes were seen in the expression of IL13 
mRNA compared with control bird tissues (Figure 4-9) during analysis of the pooled 
RNA sample set therefore RT-qPCR analysis on individual birds was not repeated on 
these samples.   
 
 
Figure 4-9:  IL13 mRNA expression in the jejunum of E. maxima-infected and mid-caecum 
of E. tenella-infected Ross 308 broilers as quantified by TaqMan® RT-qPCR.  Three-week-
old broilers were orally inoculated with 2 x103 oocysts of either E. tenella or E. maxima and 
tissues collected at various time points post infection.  RNA samples were pooled within 
groups (n=3 for control and n=5 for infected birds).  Data presented are the mean corrected 
40-Ct values for triplicate wells ± SEM.  
 
 
In this chapter, the primers and probe set used to quantify IL10 mRNA was IL10 (2) 
as given in Table 2-1 (Chapter 2).  IL10 mRNA was up-regulated significantly 
(p<0.05) in the jejunum and caecum of E. maxima and E. tenella infected birds 
respectively (Figure 4-10).  
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Figure 4-10:  IL10 mRNA expression in the jejunum of E. maxima-infected (A) and mid-
caecum of E. tenella-infected (B) Ross 308 broilers as quantified by TaqMan® RT-qPCR.  
Three-week-old broilers were orally inoculated with 2 x 103 oocysts of either E. tenella or E. 
maxima and tissues collected at various time points post infection.  Data are presented as the 
mean corrected 40-Ct values for each group ± SD.  Asterisks indicate significant differences 
between infected groups (n=5) compared to controls (n=3; p<0.05, Mann-Whitney U Test).  
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As the levels of IFNG, IL21, IL2 and IL10 mRNA were changed following E. 
maxima and E. tenella infection, the relationship between the level of  IFNG, IL21, 
IL2 and IL10 expression and Eimeria parasite burden in the gut during infection was 
examined (Table 4-1).   
 
 
Table 4-1:  Spearman’s rank correlation coefficients between IFNG, IL21, IL2 and IL10 
mRNA expression and Eimeria parasite copy number in the jejunum following E. maxima 
infection and mid-caecum following E. tenella infection.  Correlation coefficients were 
calculated between mean corrected 40-Ct values of triplicate wells for cytokines as measured 
in individual birds and the parasite genome copy number per mg of host tissue.  Shown is the 
Spearman’s correlation coefficient for data of all infected birds pooled from all time points 
(n = 35).  A coefficient value between -1 and 0 indicates a negative correlation, a coefficient 
value of 0 indicates no correlation and a coefficient value between 0 and 1 indicates a 
positive correlation.  P values were calculated using the two-tailed t test and were considered 
significant at p<0.05 and highly significant at p<0.001.  
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During E. maxima infection, higher levels of IFNG, IL21, IL2 and IL10 mRNA in the 
jejunum correlated positively with higher E. maxima copy number in infected 
chickens.  Higher levels of IFNG, IL21 and in particular IL10 mRNA, were strongly 
correlated with the quantity of parasite detected and were all highly significant at 
p<0.001.  Increased IL2 mRNA was only weakly correlated with higher E. maxima 
copy number and was not significant.   
4.2.4 Changes to cell populations in the gut after E. maxima 
and E. tenella infection 
To assess changes to the subpopulation of immune cells in the gut during Eimeria 
infection, ICC analysis was performed on snap frozen tissues.  Tissues snap-frozen at 
collection for ICC from the commercial bird trial were stored at -80°C.  The tissues 
suffered severe freezer burn during storage and as a result, tissues would not adhere 
sufficiently to slides to withstand the staining protocol.  To rehydrate the tissues, they 
were removed from the filter paper and re-embedded in OCT medium by the 
following method.  Cryostat moulds were filled with OCT medium into which tissues 
were placed and oriented appropriately.  The tissues were then promptly frozen on an 
aluminium boat over liquid nitrogen before being stored at -80°C wrapped in foil and 
in zip lock bags until required for sectioning. 
Due to the nature of the ICC stains whereby the main changes to cell populations 
were highly localised to where the Eimeria is located within the gut, it was decided 
that the optimum way to determine changes to cell populations was by way of a 
scoring system to descriptively quantify changes as detailed in section 2.6.2 (Chapter 
2).  The results are shown here alongside histology images of the gut.  Images of a 
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higher magnification are also shown where an increase in the IEL subpopulation was 
observed. 
In jejunum from control birds, the vast majority of CD4+ cells were LPLs, evenly 
spaced throughout the lamina propria of the crypts and villi and were round in 
morphology.  The presence of CD4+ IELs was rare in the jejunum.  The number of 
CD4+ LPLs increased from 5 dpi following E. maxima infection.  Clusters of CD4+ 
LPLs were observed in the crypts of the jejunum in two out of four of the E. maxima-
infected birds at 5 dpi and in all birds at 8 dpi.  At 15 dpi, in only one bird, clusters of 
LPLs expressing CD4 were observed in the jejunum following E. maxima infection.  
Overall, there was no change in CD4+ IELs in the jejunum following E. maxima 
infection (Figure 4-11 and Figure 4-12).     
In control caeca, all CD4+ cells were LPLs as no CD4+ IELs were observed.  CD4+ 
LPLs were evenly scattered throughout the lamina propria of the crypts and villi and 
were round in shape in controls.  The number of CD4+ LPLs increased from 3 dpi 
during E. tenella infection.  At 3 dpi in one bird from the E. tenella-infected group, 
clusters of CD4+ LPLs were observed and from 5 dpi onwards, clusters of CD4+ 
LPLs were observed in almost all the mid-caeca crypts of E. tenella-infected birds.  
At no point were CD4+ IELs observed in the caecum of E. tenella-infected birds 
(Figure 4-11 and Figure 4-13).     
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Figure 4-11: CD4+ cells in the jejunum of E. maxima-infected and mid-caecum of E. tenella-
infected Ross 308 broilers.  Three-week-old Ross 308 broilers were orally inoculated with 2 
x 103 oocysts of either E. maxima or E. tenella and samples collected for histology at 3, 5, 8 
and 15 dpi.  Cell populations were scored as in section 2.6.2.  Control (C) tissues are shown 
in blue and infected (I) tissues are shown in red for E. maxima and green for E. tenella 
infection.  Each individual dot represents data from one bird.  
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Figure 4-12:  CD4+ cells in the villi (A) and crypts (B) in the jejunum of E. maxima-infected 
Ross 308 broilers.  Three-week-old birds were orally inoculated with 2 x 103 E. maxima 
oocysts and samples collected for histology at 3, 5, 8 and 15 dpi.  Red AEC stain indicates 
CD4+ cells.  Bars represent 100 µm.    
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Figure 4-13:  CD4+ cells in the mid-caecum of E. tenella-infected Ross 308 broilers.  Three-
week-old birds were orally inoculated with 2 x 103 E. tenella oocysts and samples collected 
for histology at 3, 5, 8 and 15 dpi.  Red AEC stain indicates CD4+ cells.  Bars represent 100 
µm.   
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In control jejunum, CD8α+ cells were located in both the lamina propria and the 
epithelium.  CD8α+ LPLs were rounded in shape and scattered throughout the lamina 
propria.  Many of the CD8α+ IELs present were elongated in shape and pressed 
against the basal membrane and some were rounder cells positioned throughout the 
epithelium.  The majority of CD8α+ cells in control jejunum were observed 
throughout the villi and in the areas of the crypts closer to the bases of the villi.  
Following E. maxima infection, an increase in CD8α+ LPLs was observed from 5 dpi 
onwards in all infected birds compared to control baseline levels.  In three out of four 
E. maxima-infected birds, clusters of CD8α+ LPLs were observed in the jejunum 
crypts at 5 dpi and in two of four birds at 8 dpi.  By 15 dpi, no clusters were observed 
in the crypts but the numbers of CD8α+ LPLs were still elevated compared to the 
control tissues (Figure 4-14 and Figure 4-15).  Increases were also seen in the 
number of CD8α+ IELs present in the epithelium at 8 and 15 dpi with E. maxima 
(Figure 4-14, Figure 4-15 and Figure 4-16).   
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Figure 4-14:  CD8α+ cells in the jejunum of E. maxima-infected and mid-caecum of E. 
tenella-infected Ross 308 broilers.  Three-week-old Ross 308 broilers were orally inoculated 
with 2 x 103 oocysts of either E. maxima or E. tenella and samples collected for histology at 
3, 5, 8 and 15 dpi.  Cell populations were scored as in section 2.6.2.  Control (C) tissues are 
shown in blue and infected (I) tissues are shown in red for E. maxima and green for E. 
tenella infection.  Each individual dot represents data from one bird.   
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Figure 4-15:  CD8α+ cells in the villi (A) and crypts (B) in the jejunum of E. maxima-
infected Ross 308 broilers.  Three-week-old birds were orally inoculated with 2 x 103 E. 
maxima oocysts and samples collected for histology at 3, 5, 8 and 15 dpi.  Red AEC stain 
indicates CD8α+ cells.  Black and red arrowheads indicate rounded and flattened CD8α+ 
IELs respectively.  Bars represent 100 µm.    
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Figure 4-16: Increased CD8α+ IELs in the villi (A) and crypts (B) in the jejunum of E. 
maxima-infected Ross 308 broilers.  Three-week-old birds were orally inoculated with 2 x 
103 E. maxima oocysts and samples collected for histology at 3, 5, 8 and 15 dpi.  Red AEC 
stain indicates CD8α+ cells.  Black and red arrowheads indicate rounded and flattened 
CD8α+ IELs respectively.  Bars represent 50 µm.  
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In control caeca, CD8α+ cells were both LPLs and IELs and similar morphological 
and spatial characteristics were observed to that as in the jejunum.  The majority of 
CD8α+ cells in control caeca were observed throughout the villi and in the areas of 
the crypts closer to the bases of the villi.  Following E. tenella infection, both CD8α+ 
LPLs and IELs were increased in the caeca compared to controls at 8 and 15 dpi 
(Figure 4-14, Figure 4-17 and Figure 4-18).  At 8 dpi, in all birds CD8α+ cell clusters 
were present in the lamina propria and at 15 dpi, in two of three birds CD8α+ cell 
clusters were present (Figure 4-14 and Figure 4-17).   
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Figure 4-17:  CD8α+ cells in the mid-caecum of E. tenella-infected Ross 308 broilers.  
Three-week-old birds were orally inoculated with 2 x 103 E. tenella oocysts and samples 
collected for histology at 3, 5, 8 and 15 dpi.  Red AEC stain indicates CD8α+ cells.  Black 
and red arrowheads indicate rounded and flattened CD8α+ IELs respectively.  Bars represent 
100 µm.   
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Figure 4-18:  Increased CD8α+ IELs in the mid-caecum of E. tenella-infected Ross 308 
broilers.  Three-week-old birds were orally inoculated with 2 x 103 E. tenella oocysts and 
samples collected for histology at 3, 5, 8 and 15 dpi.  Red AEC stain indicates CD8α+ cells.  
Black and red arrowheads indicate rounded and flattened CD8α+ IELs respectively.  Bars 




   
 149 
In control jejunum, the majority of TCRγδ+ cells were IELs and some were LPLs.  
The TCRγδ+ LPLs were mostly situated below the epithelium in both the crypt and 
villi areas of the jejunum.  TCRγδ+ IELs were slightly larger in size than LPLs 
although both TCRγδ+ LPLs and IELs were rounded in shape.  Following E. maxima 
infection, increased numbers of TCRγδ+ LPLs and IELs were observed when 
compared to control tissues in some, but not all, the birds at 5, 8 and 15 dpi (Figure 
4-19, Figure 4-20 and Figure 4-21).  No clusters of TCRγδ+ LPLs were observed at 
any time point following E. maxima infection (Figure 4-19 and Figure 4-20).   
 
Figure 4-19:  TCRγδ+ cells in the jejunum of E. maxima-infected and mid-caecum of E. 
tenella-infected Ross 308 broilers.  Three-week-old Ross 308 broilers were orally inoculated 
with 2 x 103 oocysts of either E. maxima or E. tenella and samples collected for histology at 
3, 5, 8 and 15 dpi.  Cell populations were scored as in section 2.6.2.  Control (C) tissues are 
shown in blue and infected (I) tissues are shown in red for E. maxima and green for E. 
tenella infection.  Each individual dot represents data from one bird.    
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Figure 4-20:  TCRγδ+ cells in the villi (A) and crypts (B) in the jejunum of E. maxima-
infected Ross 308 broilers.  Three-week-old birds were orally inoculated with 2 x 103 E. 
maxima oocysts and samples collected for histology at 3, 5, 8 and 15 dpi.  Red AEC stain 
indicates TCRγδ+ cells.  Bars represent 100 µm.    
   
 151 
 
Figure 4-21:  Increased TCRγδ+ IELs in the villi (A) and crypts (B) in the jejunum of E. 
maxima-infected Ross 308 broilers.  Three-week-old birds were orally inoculated with 2 x 
103 E. maxima oocysts and samples collected for histology at 3, 5, 8 and 15 dpi.  Red AEC 
stain indicates TCRγδ+ cells.  Bars represent 50 µm.  
 
  
152   
In control caeca, TCRγδ+ LPLs were scattered throughout the lamina propria of both 
crypt and villi regions although, as in jejunum control tissues, many were found 
closer to the epithelium.  TCRγδ+ IELs were scattered throughout the epithelium.  
Both TCRγδ+ LPLs and IELs in the caecum exhibited a rounded morphology.  
Following E. tenella infection, increases in TCRγδ+ LPL numbers were observed at 8 
and 15 dpi onwards.  As in the E. maxima-infected groups, increases to the TCRγδ+ 
cell population was not observed in all of the birds.  In the caecum of one bird at 5 
dpi, increased numbers of TCRγδ+ IELs were present whereas at 8 dpi, almost all 
birds had increased IELs bearing the TCRγδ marker (Figure 4-19 and Figure 4-23).  
At 15 dpi, an increase in TCRγδ+ IELs was observed.  No clusters of TCRγδ+ LPLs 
were observed at any time point following E. tenella infection (Figure 4-19 and 
Figure 4-22).   
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Figure 4-22:  TCRγδ+ cells in the mid-caecum of E. tenella-infected Ross 308 broilers.  
Three-week-old birds were orally inoculated with 2 x 103 E. tenella oocysts and samples 
collected for histology at 3, 5, 8 and 15 dpi.  Red AEC stain indicates TCRγδ+ cells.  Bars 
represent 100 µm.   
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Figure 4-23:  Increased TCRγδ+ IELs in the mid-caecum of E. tenella-infected Ross 308 
broilers.  Three-week-old birds were orally inoculated with 2 x 103 E. tenella oocysts and 
samples collected for histology at 3, 5, 8 and 15 dpi.  Red AEC stain indicates TCRγδ+ cells.  
Bars represent 50 µm.   
  
   
 155 
In jejunum from control birds, TCRαβ1
+ cells were scattered throughout both the 
lamina propria and the epithelium, mainly in the villi and areas of the crypts close to 
the base of the villi.  Many of the TCRαβ1
+ LPLs were rounded and many were 
located close to the epithelium.  The majority of TCRαβ1
+ IELs were rounded 
although a few were observed to be flattened along the basal membrane.  Following 
E. maxima infection, very small increases in TCRαβ1
+ LPL numbers were seen in the 
lamina propria of three birds at 3 dpi.  A more pronounced increase in TCRαβ1
+ cells 
was observed from 5 dpi onwards.  At 5 (in one of four birds) and 8 (in three of four 
birds) dpi, clusters of TCRαβ1
+ LPLs could be seen in the jejunum.  At 15 dpi, no 
clusters of TCRαβ1
+ LPLs were present in the jejunum following E. maxima 
infection, however the numbers of TCRαβ1
+ LPLs was still increased compared to 
controls.  No changes were observed to the TCRαβ1
+ IEL population of the jejunum 
following E. maxima infection (Figure 4-24 and Figure 4-25).   
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Figure 4-24:  TCRαβ1+ cells in the jejunum of E. maxima-infected and mid-caecum of E. 
tenella-infected Ross 308 broilers.  Three-week-old Ross 308 broilers were orally inoculated 
with 2 x 103 oocysts of either E. maxima or E. tenella and samples collected for histology at 
3, 5, 8 and 15 dpi.  Cell populations were scored as in section 2.6.2.  Control (C) tissues are 
shown in blue and infected (I) tissues are shown in red for E. maxima and green for E. 
tenella infection.  Each individual dot represents data from one bird. 
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Figure 4-25:  TCRαβ1+ cells in the villi (A) and crypts (B) in the jejunum of E. maxima- 
infected Ross 308 broilers.  Three-week-old birds were infected with 2 x 103 E. maxima 
oocysts and samples collected for histology at 3, 5, 8 and 15 dpi.  Red AEC stain indicates 
TCRαβ1+ cells.  Black arrowheads indicate TCRαβ1+ IELs which were flattened along the 
basal membrane.  Bars represent 100 µm.    
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In the caeca of uninfected birds, TCRαβ1
+ cells were evenly scattered throughout the 
lamina propria and the epithelium of crypts and villi.  Following E. tenella infection, 
the number of TCRαβ1
+ LPLs increased at 8 and 15 dpi and clusters of TCRαβ1
+ 
LPLs were observed in the crypts in almost all birds at 8 dpi and all birds at 15 dpi 
(Figure 4-24 and Figure 4-26).  In contrast to infection with E. maxima, infection 
with E. tenella resulted in an increase to the number of TCRαβ1
+ IELs in the caecum 
in almost all birds at 8 and all birds at 15 dpi (Figure 4-24 and Figure 4-27).  
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Figure 4-26:  TCRαβ1+ cells in the mid-caecum of E. tenella-infected Ross 308 broilers.  
Three-week-old birds were orally inoculated with 2 x 103 E. tenella oocysts and samples 
collected for histology at 3, 5, 8 and 15 dpi.  Red AEC stain indicates TCRαβ1+ cells.  Bars 
represent 100 µm.   
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Figure 4-27:  Increased TCRαβ1+ IELs in the mid-caecum of E. tenella-infected Ross 308 
broilers.  Three-week-old birds were orally inoculated with 2 x 103 E. tenella oocysts and 
samples collected for histology at 3, 5, 8 and 15 dpi.  Red AEC stain indicates TCRαβ1+ 
cells.  Bars represent 50 µm.   
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At no time point examined were TCRαβ2
+ cells observed in the gut in either infected 
or control birds (Figure 4-28).  The TCR3 antibody was successfully used to detect 
TCRαβ2
+ cells in the spleen (data not shown). 
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Figure 4-28:  TCRαβ2+ cells in the villi and crypts of the jejunum (A) and in the caecum (B) 
of E. maxima- and E. tenella- infected Ross 308 broilers.  Three-week-old birds were orally 
inoculated with 2 x 103 E. maxima or E. tenella oocysts and samples collected for histology 
at 5 and 15 dpi.  Bars represent 100 µm.   
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In control jejunum, CD25+ cells were located scattered throughout the lamina propria 
and the epithelium in both the crypt and villi regions.  CD25+ IELs were either 
rounded in shape or elongated and pressed against the basal membrane.  Overall, 
following E. maxima infection, no change was observed to the CD25+ cell population 
within the jejunum, either in the lamina propria or the epithelium (Figure 4-29 and 
Figure 4-30).   
In control caeca, CD25+ cells were mainly LPLs although some were IELs in both 
the crypts and villi.  In contrast to E. maxima infection, E. tenella infection resulted 
in clusters of CD25+ LPLs in the crypts in one of three birds at 3 dpi and two of three 
birds at 5 dpi.  At 8 and 15 dpi, no CD25+ cell clusters were observed but there was 
an increase to the number of CD25+ LPLs present compared to controls.  No changes 
were seen to the population of CD25+ IELs following E. tenella infection (Figure 
4-29 and Figure 4-31).  
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Figure 4-29:  CD25+ cells in the jejunum of E. maxima-infected and mid-caecum of E. 
tenella-infected Ross 308 broilers.  Three week old Ross 308 broilers were orally inoculated 
with 2 x 103 oocysts of either E. maxima or E. tenella and samples collected for histology at 
3, 5, 8 and 15 dpi.  Cell populations were scored as in section 2.6.2.  Control (C) tissues are 
shown in blue and infected (I) tissues are shown in red for E. maxima and green for E. 
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Figure 4-30:  CD25+ cells in the villi (A) and crypts (B) in the jejunum of E. maxima-
infected Ross 308 broilers.  Three-week-old birds were orally inoculated with 2 x 103 E. 
maxima oocysts and samples collected for histology at 3, 5, 8 and 15 dpi.  Red AEC stain 
indicates CD25+ cells.  Black and red arrowheads indicate rounded and elongated CD25+ 
IELs respectively.  Bars represent 100 µm.    
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Figure 4-31:  CD25+ cells in the mid-caecum of E. tenella-infected Ross 308 broilers.  
Three-week-old birds were orally inoculated with 2 x 103 E. tenella oocysts and samples 
collected for histology at 3, 5, 8 and 15 dpi.  Red AEC stain indicates CD25+ cells.  Black 
arrowheads indicate rounded CD25+ IELs.  Bars represent 100 µm.   
  
   
 167 
In control jejunum, chB6+ cells were mostly localised throughout the epithelium and 
very few cells were present in the lamina propria of the crypts and villi.  Following 
E. maxima infection, increased chB6+ LPLs in the jejunum were observed in one bird 
at 5 dpi and almost all birds at 8 dpi.  In addition to this at 8 dpi, in one bird chB6+ 
clusters were observed.  By 15 dpi, chB6+ clusters were identified in most birds and 
in one of the birds there was no change to the chB6+cell population (Figure 4-32 and 
Figure 4-33).  At 15 dpi, a germinal centre was observed as a cluster of tightly 
packed chB6+ cells (Figure 4-33).  Increased chB6+ IELs were observed in the 
jejunum from 5 dpi onwards following E. maxima infection (Figure 4-32 and Figure 
4-34).   
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Figure 4-32:  ChB6+ cells in the jejunum of E. maxima-infected and mid-caecum of E. 
tenella-infected Ross 308 broilers.  Three week old Ross 308 broilers were orally inoculated 
with 2 x 103 oocysts of either E. maxima or E. tenella and samples collected for histology at 
3, 5, 8 and 15 dpi.  Cell populations were scored as in section 2.6.2.  Control (C) tissues are 
shown in blue and infected (I) tissues are shown in red for E. maxima and green for E. 
tenella infection.  Each individual dot represents data from one bird. 
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Figure 4-33:  ChB6+ cells in the villi (A) and crypts (B) in the jejunum of E. maxima-infected 
Ross 308 broilers.  Three-week-old birds were orally inoculated with 2 x 103 E. maxima 
oocysts and samples collected for histology at 3, 5, 8 and 15 dpi.  Red AEC stain indicates 
chB6+ cells.  Bars represent 100 µm.    
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Figure 4-34:  Increased chB6+ IELs in the villi (A) and crypts (B) in the jejunum of E. 
maxima-infected Ross 308 broilers.  Three-week-old birds were orally inoculated with 2 x 
103 E. maxima oocysts and samples collected for histology at 3, 5, 8 and 15 dpi.  Red AEC 
stain indicates chB6+ cells.  Bars represent 50 µm.  
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In control caeca, chB6+ cells were mostly IELs and very few were LPLs.  Following 
E. tenella infection, an increase in chB6+ LPLs was observed at 3 dpi in almost all 
birds.  Clusters of chB6+ LPLs were observed in almost all birds at 5 dpi and in all 
birds at 8 and 15 dpi.  No changes were observed to chB6+ IEL numbers in E. 
tenella-infected caeca compared to uninfected birds (Figure 4-32 and Figure 4-35).  
Germinal centres containing chB6+ cells were also observed in one of the tissues at 
15 dpi (as shown in Figure 4-35).   
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Figure 4-35:  ChB6+ cells in the mid-caecum of E. tenella-infected Ross 308 broilers.  Three-
week-old birds were orally inoculated with 2 x 103 E. tenella oocysts and samples collected 
for histology at 3, 5, 8 and 15 dpi.  Red AEC stain indicates chB6+ cells.  Bars represent 100 
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In control jejunum and caecum, MRC1L-B+ cells were present in the lamina propria 
of the crypts and villi in both jejunum and caecum tissues.  No MRC1L-B+ cells 
were observed in the epithelium.  MRC1L-B+ cells were of mixed morphology, some 
were more rounded in shape and others were more elongated.  Overall, no major 
changes to the total number of MRC1L-B+ cells occurred following either E. maxima 
or E. tenella infection with the exception of 8 dpi where there was a slight increase in 
MRC1L-B+ cell numbers during infection with both Eimeria species (Figure 4-36, 
Figure 4-37 and Figure 4-38). 
  
174   
 
 
Figure 4-36:  MRC1L-B+ (KUL01+) cells in the jejunum of E. maxima-infected and mid-
caecum of E. tenella-infected Ross 308 broilers.  Three week old Ross 308 broilers were 
orally inoculated with 2 x 103 oocysts of either E. maxima or E. tenella and samples 
collected for histology at 3, 5, 8 and 15 dpi.  Cell populations were scored as in section 2.6.2.  
Control (C) tissues are shown in blue and infected (I) tissues are shown in red for E. maxima 
and green for E. tenella infection.  Each individual dot represents data from one bird. 
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Figure 4-37:  MRC1L-B+ (KUL01+) cells in the villi (A) and crypts (B) in the jejunum of E. 
maxima-infected Ross 308 broilers.  Three-week-old birds were orally inoculated with 2 x 
103 E. maxima oocysts and samples collected for histology at 3, 5, 8 and 15 dpi.  Red AEC 
stain indicates MRC1L-B+ cells.  Black and red arrowheads indicate rounded and elongated 
MRC1L-B+ LPLs respectively.  Bars represent 100 µm.    
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Figure 4-38:  MRC1L-B+ (KUL01+) cells in the mid-caecum of E. tenella-infected Ross 308 
broilers.  Three-week-old birds were orally inoculated with 2 x 103 E. tenella oocysts and 
samples collected for histology at 3, 5, 8 and 15 dpi.  Red AEC stain indicates MRC1L-B+ 
cells.  Black and red arrowheads indicate rounded and elongated MRC1L-B+ LPLs 
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Tim4+ cells were present within the lamina propria but not epithelium in both the 
jejunum and caeca of control birds.  Staining against Tim4 produced results similar 
to that of MRC1L-B+ cells; Tim4+ cells were evenly scattered throughout the lamina 
propria and many were located underneath the epithelium in the villi and crypt 
regions.  Tim4+ cells were a mixture of rounded and elongated morphologies.  
Overall, no changes were observed to the number of Tim4+ cells in the lamina 




Figure 4-39:  Tim4+ cells in the jejunum of E. maxima-infected and mid-caecum of E. 
tenella-infected Ross 308 broilers.  Three week old Ross 308 broilers were orally inoculated 
with 2 x 103 oocysts of either E. maxima or E. tenella and samples collected for histology at 
3, 5, 8 and 15 dpi.  Cell populations were scored as in section 2.6.2.  Control (C) tissues are 
shown in blue and infected (I) tissues are shown in red for E. maxima and green for E. 
tenella infection.  Each individual dot represents data from one bird.    
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Figure 4-40:  Tim4+ cells in the villi (A) and crypts (B) in the jejunum of E. maxima-infected 
Ross 308 broilers.  Three-week-old birds were orally inoculated with 2 x 103 E. maxima 
oocysts and samples collected for histology at 3, 5, 8 and 15 dpi.  Red AEC stain indicates 
Tim4+ cells.  Black and red arrowheads indicate rounded and elongated Tim4+ LPLs 
respectively.  Bars represent 100 µm.    
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Figure 4-41:  Tim4+ cells in the mid-caecum of E. tenella-infected Ross 308 broilers.  Three-
week-old birds were orally inoculated with 2 x 103 E. tenella oocysts and samples collected 
for histology at 3, 5, 8 and 15 dpi.  Red AEC stain indicates Tim4+ cells.  Black and red 
arrowheads indicate rounded and elongated Tim4+ LPLs respectively.  Bars represent 100 
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To investigate the relationship between changes in cell subpopulations and increased 
parasite genome copy numbers in the jejunum following E. maxima and caecum 
following E. tenella infection, the Spearman’s rank correlation coefficient was 
calculated between parasite genome copy number and the scores assigned to 
descriptively quantify the cell populations in tissue sections of infected birds (Table 
4-2).   
A weak positive correlation was found between LPLs expressing either CD4, 
TCRγδ, CD25, MRC1L-B or Tim4 and a higher E. maxima genome copy number in 
the jejunum of infected birds although none of these correlations were statistically 
significant.  However, increased abundance of CD8α+ and TCRαβ1
+ LPLs was 
strongly correlated with increased E. maxima genome copy number and both were 
significant at p<0.05.  ChB6 was negatively correlated with E. maxima genome copy 
number although not significantly.  The CD4+, CD8α+, TCRγδ+ and TCRαβ1
+ IEL 
populations were all negatively correlated with E. maxima genome copy number in 
the jejunum however none of these correlations were statistically significant.  CD25+ 
and chB6+ IELs were both positively correlated with E. maxima genome copy 
number, although only CD25+ IELs were strongly correlated and significant at 
p<0.05. 
No variation was observed in the IEL populations expressing MRC1L-B or Tim4 in 
the jejunum during E. maxima infection and so the Spearman’s rank correlation 
coefficients could not be calculated.   
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Table 4-2:  Spearman’s rank correlation coefficients between increased cell numbers and 
Eimeria parasite copy number in infected Ross 308 broilers.  Correlation coefficients were 
calculated between scores assigned as detailed in section 2.6.2 and the parasite genome copy 
number per mg of host tissue.  Shown is the Spearman’s correlation coefficient for data of all 
infected birds (For all E. maxima-infected jejunum tissue sections n = 14.  For E. tenella-
infected caecum tissue sections n = 16 for CD4, CD8α, TCRγδ, TCRαβ1, CD25 and chB6 
stained sections, n = 15 for MRC1L-B stained sections and n = 13 for Tim4 stained sections) 
pooled from all time points.  A coefficient value between -1 and 0 indicates a negative 
correlation, a coefficient value of 0 indicates no correlation and a coefficient value between 0 
and 1 indicates a positive correlation.  P values were calculated using the two-tailed t test and 
were considered significant at p<0.05 and highly significant at p<0.001.  
Cell 
marker 
E. maxima E. tenella 
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During E. tenella infection, the population of LPLs expressing CD4, TCRγδ, 
TCRαβ1, CD25, MRC1L-B or Tim4 were positively correlated with E. tenella 
genome copy number in the caecum although these correlations were not significant.  
However, the population of chB6+ LPLs strongly correlated with E. tenella genome 
copy number and was significant (p<0.05).  Of the LPL population during E. tenella 
infection, only CD8α+ cells were negatively correlated with E. tenella genome copy 
number but this was not significant.   
Both TCRγδ+ and TCRαβ1
+ IELs were more abundant in tissues containing higher E. 
tenella parasite genome copy numbers but of these only the correlation between 
TCRγδ+ IELs and parasite genome copy number was significant.  The CD8α+ IEL 
population was negatively correlated with E. tenella genome copy number although 
this correlation was weak and not significant. 
No changes to IELs expressing CD4, CD25, chB6, MRC1L-B or Tim4 was observed 
in the caecum during E. tenella infection and so Spearman’s rank correlation 
coefficients could not be calculated.   
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4.3 Discussion 
During the course of the Ross 308 commercial bird trial, the birds were housed on a 
litter pen.  Consequently, once oocysts were shed following infection, birds were 
open to oocyst recycling.  The Eimeria life cycle, from initial ingestion of Eimeria to 
excretion of unsporulated oocysts, lasts approximately 7-8 days (Al-Badri et al., 
2012) therefore birds were open to oocyst recycling from around 7 dpi.  Following E. 
maxima infection, no further parasite genomic DNA was observed in the jejunum 
after 11 dpi (Figure 4-2), indicating that the broilers had developed immunity to re-
infection with E. maxima.  This supports previous studies where secondary challenge 
with homologous E. maxima strains induced protective immunity in chickens and 
fewer or no oocysts were excreted following secondary challenge with the same 
strain (Rose et al., 1962; Smith et al., 2002)   
E. tenella parasite genomic DNA peaked at 6 dpi and was almost cleared by 11 dpi.  
The increase of E. tenella genomic DNA at 15 dpi is potentially a result of oocyst 
recycling and insufficient protective immunity to prevent re-infection caused by 
oocyst recycling.  Upon E. tenella primary infection in White Leghorn chicken lines, 
immunity is built but does not give total protection and fewer oocysts are produced 
following secondary challenge than after the initial primary infection (Bumstead et 
al., 1995).   
Faecal oocyst counts have been used as an indicator of susceptibility or resistance to 
Eimeria, as a measure of the development of protective immunity and a method to 
quantify parasite replication (Bumstead et al., 1995; Smith et al., 2002; Rothwell et 
al., 2004).  In this experiment, the quantity of parasite genomic DNA present in the 
gut as measured by qPCR of a RAPD-SCAR marker was used as an indicator of 
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parasite replication in the gut following Eimeria infection.  This method is found to 
be comparable with faecal oocyst count as an indicator of parasite replication, as 
both methods are strongly correlated with inoculation dose (Nolan et al., 2015).   
The main aim of this trial was to identify a Th17-mediated response in Ross 308 
broilers during E. maxima or E. tenella infection.  To detect changes to the 
expression of cytokines considered to be markers of a Th17 response (TGF-β4, IL-
17A, IL-17F, IL-21, IL-22 and IL-23R) qRT-PCR was performed.  The qRT-PCR 
data suggests that Th17 cells are unlikely to be involved in the immune response to 
E. maxima or E. tenella in Ross 308 broilers.  IL-21 was the only Th17-associated 
cytokine to become up-regulated following infection and the lack of change to other 
Th17 mediators suggests that IL-21 is acting in another capacity than as a Th17 
cytokine.  In mammals, functions of IL-21 include enhancing CD4+TCRαβ+ T cell 
proliferation and differentiation into Th17 cells (Wei et al., 2007), inhibiting DC 
maturation (Brandt et al., 2003) and enhancing expansion of and cytotoxicity in 
CD8+ (Zeng et al., 2005) and NK cells (Smyth et al., 2005; Coquet et al., 2007), 
memory B cell formation (Nagumo et al., 2009), B cell differentiation into plasma 
cells (Ozaki et al., 2004; Ettinger et al., 2005), regulating Ig production in B cells 
(Ozaki et al., 2002), enhancing phagocytic activities of macrophages (Ruckert et al., 
2007), inducing IL-10 production in CD4+ and CD8+ T cells (Spolski et al., 2009) 
and suppression of IFN-γ in developing Th1 cells (Suto et al., 2006).  This raises the 
question of what function IL-21 may have during Eimeria infection.  In the chicken, 
IL-21 is produced by CD4+ and TCRαβ1
+ cells (both stimulated and unstimulated) 
and stimulated chB6+ and CD8+ cells (Rothwell et al., 2012).  In mammals, IL-21 is 
also produced by Tfh, CD8+ and NKT cells (Coquet et al., 2007; Vogelzang et al., 
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2008; Mittal et al., 2012).  CD4+, CD8α+, TCRαβ1
+ and chB6+ cells increased in the 
jejunum following E. maxima and in the caecum following E. tenella infection and 
are the potential sources of increased IL21 mRNA during infection.  From this 
experiment, it appears that IL-21 may have roles in both innate and adaptive 
immunity to Eimeria.  It is possible that the early IL-21 production seen here is at 
least partially responsible for the increased CD4+ and TCRαβ1
+ cell numbers 
observed at 5 and 8 dpi with E. maxima and E. tenella, or to the increased numbers 
of CD8α+ cells at 5 dpi onwards during E. maxima infection and at 8 dpi onwards 
following E. tenella infection.  IL-21 may also be involved in the production of IL-
10 during the innate phase of the immune response following E. maxima infection 
and in both the innate and adaptive phases following E. tenella infection.  IL-21 
produced during the innate response may also be influencing the phagocytic capacity 
of macrophages, although no changes were observed in the numbers of MRC1L-B+ 
and Tim4+ LPLs.  IL-21 is not currently associated with the response to Eimeria 
infection in the chicken, however in a study by Gowen et al. (2008), recombinant E. 
acervulina profilin-like antigen induced immunoprophylaxis of Punta Toro virus in 
hamsters and IL21 mRNA was increased in the spleen following exposure to the 
antigen.  Additionally, IL-21 is important during the immune response to T. gondii 
infection.  Lower IgG production, lower B cell numbers in the germinal centre, 
decreased CD4+ and CD8+ cell numbers and overall decreased IFN-γ production by 
T cells was observed in IL-21-/- mice during chronic T. gondii infection (Stumhofer 
et al., 2013a).  The same study also showed a reduction in IL-10-producing CD4+ 
brain mononuclear cells in IL-21-/- mice although an increase in brain 
immunopathology was not observed whereas in a previous study of toxoplasmic 
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encephalitis in IL-10-/- mice, lethal brain immunopathology was observed (Wilson et 
al., 2005) indicating that IL-21 is not important for IL-10 production during T. gondii 
infection.  Furthermore, during Plasmodium chabaudi infection in mice it was shown 
that IL-21 produced by T cells was important to P. chabaudi-specific IgG production 
and development of memory B cells.  Mice deficient in either IL-21 or IL-21R failed 
to clear infection with P. chabaudi and were not immune to re-infection (Pérez-
Mazliah et al., 2015).    
To further characterise the immune response to Eimeria and identify other T helper 
subsets involved, IFNG, IL13, IL10, IL2 and IL15 were also measured by RT-qPCR.  
Following both E. maxima and E. tenella infection, IFNG, IL10, IL2 and IL21 
mRNA was up-regulated in the jejunum and caecum following infection with 
respective Eimeria species.  The level of expression of IFNG, IL21 and IL10 mRNA 
correlated positively with the quantity of parasite genome copy number in the gut 
during both E. maxima and E. tenella infection indicating that expression of these 
cytokines increases with parasite burden.   
IFN-γ is proinflammatory and the hallmark cytokine of a Th1 response and has 
previously shown to be an important factor in immunity to Eimeria (Rose et al., 
1989) and this is further supported in this study.  Early IFNG mRNA expression 
observed in this experiment (from 4 dpi during E. maxima and 5 dpi during E. tenella 
infection) is unlikely indicative of a Th1 response and more likely a component of 
the inflammatory response to the Eimeria parasite.  The early IFNG observed is 
likely produced by innate cells such as NK cells and CD8α+ cytotoxic T cells.  
However, IFNG mRNA observed at later time points is likely the result of a 
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polarised Th1 response and the main source of IFN-γ is likely to be Th1 cells.  IL-13 
is considered a Th2-associated cytokine but its production is not limited to Th2 cells.  
In mammals, IL-13 has also been shown to be produced by NK, mast, Th1 and Th17 
cells.  IL13 mRNA was unchanged following infection with either Eimeria species in 
this trial suggesting that the Th2 response does not have a role in the response to 
Eimeria infection. 
IL2 mRNA was increased following E. maxima and E. tenella infection, although after 
infection with E. maxima, there was a delay in the up-regulation of IL2 in comparison 
with E. tenella infection.  A previous study showed upregulation of IL2 mRNA in IELs 
following E. acervulina infection, but down-regulated following E. tenella infection 
(Hong et al., 2006a).  A further study found IL2 mRNA was down-regulated in 
duodenum IELs following primary infection with E. acervulina but up-regulated 
following secondary infection (Choi et al., 2000).  Similarly to mammalian IL-2, 
chicken IL-2 stimulates proliferation and activity of NK (Jansen et al., 2010) and T 
cells.  Chickens injected with IL-2 DNA had higher numbers of splenic TCRγδ+ and 
CD8+ cells (Choi et al., 2000).  In this trial, IL-2 is unlikely to be the cause of increased 
CD8α+ and TCRγδ+ cells in the jejunum during E. maxima infection as IL-2 is not 
significantly up-regulated until after clusters of these cells appear, however, IL-2 may 
be a factor in shaping CD8α+ and TCRγδ+ responses during E. tenella infection.  The 
IL2 mRNA produced at 11 and 15 dpi with E. maxima may be contributing towards 
shaping the adaptive Th1 response.   
Following both E. maxima and E. tenella infection, clusters of CD4+, CD8α+ and 
TCRαβ1
+ cells were present in the lamina propria of birds in the jejunum and caecum 
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respectively.  Following intra-caecal inoculation of E. tenella sporozoites, Vervelde 
et al. (1996) found that CD4+ cells in the caecum were also mainly TCRαβ1
+.  Here, 
clusters of both CD4+ and TCRαβ1
+ IELs were observed following both E. maxima 
and E. tenella infection and a proportion of these are likely to be double positive for 
CD4 and TCRαβ1.  This study also found that immune chickens had higher numbers 
of CD8α+TCRαβ1
+ cells compared to naïve chickens, which had higher numbers of 
CD8α+TCRαβ1
- cells.   
No clusters of TCRγδ+ cells were observed, however the numbers of these cells did 
increase in both the jejunum and caecum lamina propria following infection with E. 
maxima and E. tenella.  TCRγδ+ cells also increased in the epithelium of the jejunum 
and caecum following infection with E. maxima and E. tenella.  The role of TCRγδ+ 
cells in immunity to Eimeria is controversial.  Rose et al. (1996) found that antibody-
mediated depletion of TCRγδ+ cells in mice infected with E. vermiformis did not 
have a significant impact on parasite replication however Smith et al. (2000b) found 
that TCRβ-/- mice were more resistant to E. vermiformis infection than TCR(βxδ)-/- 
mice.  TCRγδ+ cells have been implicated in resistance to Eimeria infection.  E. 
maxima-resistant line C.B12 chickens had greater increases in TCRγδ+ PBLs 
following E. maxima infection than susceptible line 15I (Bumstead et al., 1995).  
Following E. tenella infection, E. tenella-resistant line SC chickens had greater 
increases in CD4+TCRγδ+ cells in the CT compared to that of E. tenella-susceptible 
line TK chickens, which had greater increases in the number of CD8+TCRαβ1
+ cells 
present (Yun et al., 2000).  Cells expressing CD4, CD8α, TCRγδ, TCRαβ1 or 
TCRαβ2 markers are capable of producing IFN-γ and any or all of these cells (with 
the exception of TCRαβ2
+ cells) could be at least partially responsible for the 
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increase in IFNG mRNA that occurs following Eimeria infection.  At no point were 
TCRαβ2
+ cells observed in the gut.  Previously, TCRαβ2
+ cells were found to be 
rarely located within the gut of chickens but on the rare occasion when they were 
present they were localised to the lamina propria (Char et al., 1990).    
Macrophages and CD4+ cells are the main producers of IL-10, however B cells, 
CD8+ cells and innate cells other than macrophages are also capable of IL-10 
production.  IL-10 is a defining cytokine of Tregs (CD4+CD25+) in mammals and 
chickens (Shanmugasundaram et al., 2011).  The fact that large clusters of CD4+ 
cells were observed following E. maxima infection but, surprisingly, no changes are 
observed to the CD25+ cell population, suggests that CD4+CD25+ Tregs are not the 
main producers of IL10 mRNA observed here.  In contrast to this, E. tenella infection 
did induce increases to the CD25+ population in the caecum, although not to the 
extent that CD4+ cells were increased which may indicate that some CD4+CD25+ 
cells are involved in the response to E. tenella.  However, IL-10 was only 
significantly increased at 8 dpi, whereas increased numbers of CD4+ cells were 
observed from 3 dpi, therefore Tregs are unlikely the producers of IL-10 during E. 
tenella infection.  CD25 is also an activation marker and the increases in CD4+ and 
CD25+ cells could indicate an increase in activated T cells following E. tenella 
infection.  The staining patterns of CD25+ IELs revealed by histology resembled that 
of CD8α+ cells but the pattern of CD25+ LPLs was similar to both CD8α+ and CD4+ 
cells.  E. maxima and E. tenella elicit different pathologies; E. maxima causes 
malabsorption whereas E. tenella is haemorrhagic in its nature.  Another possibility 
is that a dosage of 2 x103 E. maxima oocysts is not enough to cause sufficient 
pathology to elicit a strong Treg response.  
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IL-10 is most commonly considered a regulatory cytokine in both chickens and 
mammals, which functions to dampen Th1 and Th17 (Chaudhry et al., 2011) 
responses by suppressing the production of proinflammatory mediators such as IFN-
γ (Rothwell et al., 2004).  However, a number of other functions of IL-10 have been 
found in mammals, including but not limited to wound healing and repair (Peranteau 
et al., 2008), gut homeostasis (Kuhn et al., 1993), promoting maturation of memory 
CD8+ T cells (Laidlaw et al., 2015) regulating immune tolerance (Shouval et al., 
2014) and enhancing NK cell cytotoxicity (Mocellin et al., 2004).  However the 
sources of IL-10 and the functions it has during Eimeria infection are still to be 
determined.  It is possible that IL-10 is produced as either an anti-inflammatory 
mediator to dampen the immune response and limit immune induced-pathology 
during Eimeria infection or to facilitate healing and tissue repair following infection.  
Here, given the positive correlation between IL10 mRNA and parasite genome copy 
number, it seems likely that IL-10 is either responsible for controlling the 
inflammatory response induced by Eimeria infection, in particular E. maxima, or is 
induced by the parasite itself to dampen the inflammatory response and limit its 
efficacy against Eimeria.  In a study by Rothwell et al. (2004) the E. maxima-
susceptible chicken line 15I had higher IL10 mRNA in the jejunum following 
infection than that of E. maxima-resistant chicken line C.B12, indicating that IL-10 
reduces the efficacy of the immune response to E. maxima.  IL-10 produced at early 
time points (4 dpi for E. maxima and for E. tenella, 5 dpi, although this was not 
significant) may be important to controlling the innate inflammatory response 
whereas IL-10 produced later on (8 dpi onwards for E. maxima and 8 dpi for E. 
tenella) may be essential to the repair of tissue damage caused by infection.  During 
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the immune response to T. gondii, IL-10 is vital to the control of immunopathology.  
IL-10-/- mice acutely infected with T. gondii demonstrated lethal immunopathology 
due to uncontrolled production of TNF-α and IFN-γ (Gazzinelli et al., 1996).   
The proportion of macrophages (expressing MRC1L-B) did not change dramatically 
over the course of infection with either E. maxima or E. tenella.  In contrast with this, 
a previous study showed that numbers of macrophages (recognised by CVI-ChNL-
68.1 marker) increased in E. tenella-naïve birds given an intra-caecal inoculation of 
E. tenella sporozoites (Vervelde et al., 1996).  The unchanging numbers of 
macrophages observed here during Eimeria infection does not rule these cells out as 
a source of IL-10 as it is likely that the activation state of the macrophages changes 
once exposed to Eimeria antigens.  No discernible changes were observed to the 
Tim4+ cell population throughout this experiment.  
Previously, Rose et al. (1979) found that bursectomised (B cell deficient) chickens 
had increased oocyst production after primary infection with E. maxima and were 
less resistant to secondary infection than un-bursectomised birds, although 
substantial immunity was still observed.  Here, clusters of chB6+ cells were observed 
in the lamina propria following both E. maxima and E. tenella infection which 
indicates that B cells are involved in the response to Eimeria.  
Previous studies in mice have shown NK cells to not be important to immunity to 
Eimeria vermiformis (Smith et al., 1994; Rose et al., 1995).  However, an increase in 
intraepithelial NK cell cytotoxic activity was observed at 8 dpi in chickens following 
E. acervulina infection but no NK cell activity was observed in lamina propria cells 
following infection (Lillehoj, 1989).  The presence and increased numbers following 
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Eimeria infection of chB6+ and CD8α+ IELs in the jejunum and caecum observed in 
this trial may indicate increased NK cell activity, although the lack of corresponding 
CD25+ cells and different staining patterns observed between chB6+ and CD25+ cells 
deems this unlikely.  Therefore, the clusters of chB6+ cells in the lamina propria 
following both E. maxima and E. tenella are presumably B cells. 
The majority of cell clusters observed were localised to the lamina propria.  It is 
likely that immune cells are migrating to areas in the tissues where the Eimeria is 
located.  However, attempts to stain tissues with Eimeria-specific antibodies were 
unsuccessful therefore this cannot be confirmed. 
The main finding of this experiment is that Th17 cells are not involved during 
Eimeria infection in Ross 308 broilers.  However, IL-21 was identified as having a 
novel role in the response to both E. maxima and E. tenella and IL10 was increased 
following infection.  Both IL-10 and IL-21 are multi-functional and further 
investigation would be required to define the roles of these cytokines in response to 
Eimeria infection, and to identify which cells are the major producers of IL-10 and 
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Previous studies have shown that different lines of chickens exhibit varying degrees 
of susceptibility and resistance to different Eimeria species.  Two of these lines, 15I 
and C.B12 exhibit inverse resistance and susceptibility to E. maxima and E. tenella.  
The C.B12 and 15I White Leghorn chicken lines were bred for MHC haplotypes B12 
and B15 respectively.  Line C.B12 chickens are considered E. maxima-resistant and 
E. tenella-susceptible whereas line 15I chickens are considered E. maxima-
susceptible and E. tenella-resistant (Bumstead et al., 1995; Smith et al., 2002).  
Following primary infection with E. maxima, C.B12 chickens produce fewer oocysts 
than 15I chickens however both lines develop complete protection to secondary 
infection and no oocysts are produced after secondary challenge (Bumstead et al., 
1995; Smith et al., 2002).  On primary infection with E. tenella, both lines produce 
similar numbers of oocysts, however line 15I chickens develop a level of protective 
immunity and produce fewer oocysts than line C.B12 chickens after secondary 
infection (Bumstead et al., 1995).  Very little is known about the immune 
mechanisms underpinning resistance and susceptibility to E. maxima and E. tenella 
in these two lines.  Rothwell et al. (2004) observed higher IL10 mRNA expression in 
the small intestine of E. maxima-infected line 15I chickens compared with line 
C.B12 at 6 dpi, indicating that higher IL-10 may be detrimental to the immune 
response to Eimeria and clearance of the pathogen.   
The hypothesis to be tested is that two inbred chicken lines which differ in their 
resistance and susceptibility to E. maxima and E. tenella, exhibit differential immune 
responses upon infection with both these Eimeria species.  The main aim of this 
chapter is to identify phenotypes and biomarkers of Eimeria resistance.  In line 
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C.B12 and 15I chickens infected with E. maxima and E. tenella, changes to cytokine 
expression in the gut were measured by RT-qPCR.   To further characterise the role 
of IL-10 and IFNγ in resistance to Eimeria, IL-10 and IFNγ in the serum and IL-10 
in the gut tissue of these lines were also measured by ELISA.  Changes to cell 
populations in the gut during infection were analysed by ICC to determine which cell 
types are important in producing IL-10, IFNγ and other key cytokines during 
infection.   
5.2 Results 
5.2.1 Percentage weight gains in lines 15I and C.B12 
following E. maxima and E. tenella infection. 
The percentage weight gain for each bird was calculated from the weights of the 
birds from two days prior to inoculation to the time of culling.  Throughout infection 
with E. maxima (Figure 5-1A) or E. tenella (Figure 5-1B) there were no significant 
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Figure 5-1:  Percentage weight gains in line 15I and C.B12 chickens following E. maxima 
(A) or E. tenella (B) infection.  Three-week-old birds were orally inoculated with 100 E. 
maxima oocysts, 200 E. tenella oocysts or sterile water (control birds).  Percentage weight 
gain was calculated for individual birds from 2 days prior to inoculation to time of culling.  
Shown is the mean percentage weight gain ± SD for each line at each time point; n=3 for 
control and n=5 or more for infected groups.   
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5.2.2 E. maxima and E. tenella replication in the gut of 
infected 15I and C.B12 chickens. 
E. maxima and E. tenella genomic DNA in infected tissues were quantified by two 
qPCRs, developed for species-specific detection, by Dr Matt Nolan (RVC, UK).  
Following E. maxima infection, susceptible line 15I birds had significantly (p<0.05) 
higher E. maxima genome copy numbers in the jejunum than line C.B12 birds 
(Figure 5-2A).  
In all E. tenella-infected birds at 2 dpi, five of six of line 15I at 4 dpi and two of five 
of line C.B12 at 4 dpi, the qPCR returned results with high Ct values (>33) and the 
melting curves of the DNA indicated that it was not E. tenella DNA that was being 
amplified, therefore these birds were not included in the analysis.  Following E. 
tenella infection, there was no significant difference in parasite copy numbers 
between the two lines at any time point (Figure 5-2B).   
To check that control birds were negative for Eimeria DNA, cDNA was produced 
from the RNA extracted for RT-qPCR and PCR was ran for detection of the Eimeria 
5S ribosomal RNA (rRNA) gene (Blake et al., 2006).  Eimeria 5S rRNA was not 
detected in samples from the control birds of either line at any time point indicating 
that control birds were free from Eimeria. 
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Figure 5-2: Parasite replication in the jejunum of E. maxima- and caecum of E. tenella-
infected line 15I and C.B12 chickens as determined by qPCR.  Three-week-old birds were 
orally inoculated with 100 oocysts of E. maxima (A) or 200 oocysts of E. tenella (B) and 
tissues collected at various time points post infection.  E. maxima was quantified by an 
established qPCR method targeting the MIC1 gene (Blake et al., 2006).  A 10 cm length of 
jejunum (spanning 5 cm either side of the MD) was collected for total genomic DNA 
extraction.  E. tenella was quantified by an established qPCR method targeting the RAPD-
SCAR marker Tn-E03-1161 (Nolan et al., 2015).  Residual caeca were pooled within birds 
for total genomic DNA extraction.  Shown are the log10 transformed parasite genome copy 
numbers per mg of tissue for individual birds.  Asterisks indicate significant differences 
between the two lines at p<0.05, Mann-Whitney U Test; n≥5 for each time point with the 
exception of E. tenella infected birds at 4 dpi where n=1 for line 15I and n=3 for line C.B12 
birds.   
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5.2.3 Changes to cytokine expression in the gut of E. maxima 
and E. tenella infected 15I and C.B12 chickens. 
RNA was extracted from tissues and changes to the mRNA levels of cytokines were 
quantified by TaqMan® RT-qPCR as in Section 2.2.2.  To check whether a particular 
gene was altered during infection, RNA samples were first pooled within each group 
at each time point before RT-qPCR analysis.  Two µg of total RNA from each 
sample at 2, 6 and 13 dpi was pooled and total volumes made up to 20 µl with 
RNase-free water.  If the expression of genes changed following infection, 
expression of that gene was measured in individual birds.    
As IL-10 is thought to be a biomarker for susceptibility to Eimeria, IL10 mRNA 
expression was quantified by RT-qPCR in the jejunum of control and E. maxima-
infected birds (Figure 5-3A) and the mid-caecum of control and E. tenella-infected 
birds (Figure 5-3B).  In this chapter, the primers and probe set used to quantify IL10 
mRNA was IL10 (2) as given in Table 2-1 (Chapter 2).  Following E. maxima 
infection, IL10 increased in both lines.  At early time points, IL10 expression in the 
jejunum was significantly (p<0.05) higher in E. maxima-infected resistant line C.B12 
chickens than in line 15I chickens however at later time points, signficantly (p<0.05) 
higher IL10 mRNA was observed in infected susceptible line 15I birds than in line 
C.B12 birds. 
Following E. tenella infection, IL10 mRNA expression was increased in both lines 
but overall, there was no major difference in IL10 mRNA expression in the caecum 
of the two lines, in either E. tenella-infected or uninfected birds. 
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Figure 5-3:  IL10 mRNA expression in the jejunum of E. maxima-infected (A) and caecum 
of E. tenella-infected (B) line 15I and C.B12 chickens.  Three-week-old birds were orally 
inoculated with 100 oocysts of E. maxima, 200 oocysts of E. tenella or sterile water (control 
birds) and samples collected at various time points post infection.  Data are presented as 
individual birds.  Significant differences between the two lines given the same treatment are 
indicated by an asterisk, between 15I control and infected birds by an ‘a’ and between C.B12 
control and infected birds by a ‘b’ (p<0.05, Mann-Whitney U Test); n=3 for control groups 
and n=5 or more for infected groups.  C; Control.  I; Infected. 
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As IFNγ is important during the immune response to and for clearance of the 
Eimeria parasite, IFNG expression was measured.  IFNG mRNA was increased in 
the pooled sample set and was therefore measured in individual birds.  Following E. 
maxima infection (Figure 5-4A), IFNG was significantly (p<0.05) upregulated in the 
jejunum of both lines in comparison with control birds.  A similar pattern of IFNG 
expression was observed in the birds as for IL10 expression.  At early time points, 
IFNG expression was higher in infected resistant line C.B12 birds than line 15I but 
during the course of infection this changed and IFNG expression was higher in 
infected line 15I birds compared with C.B12.   
Following E. tenella infection (Figure 5-4B), IFNG mRNA expression was increased 
in both lines.  Overall, there was no major difference in IFNG mRNA expression in 
the caecum of the two lines, in either infected or uninfected birds. 
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Figure 5-4:  IFNG mRNA expression in the jejunum of E. maxima-infected (A) and caecum 
of E. tenella-infected (B) line 15I and C.B12 chickens.  Three-week-old birds were orally 
inoculated with 100 oocysts of E. maxima, 200 oocysts of E. tenella or sterile water (control 
birds) and samples collected at various time points post infection.  Data are presented as 
individual birds.  Significant differences between the two lines given the same treatment are 
indicated by an asterisk, between 15I control and infected birds by an ‘a’ and between C.B12 
control and infected birds by a ‘b’ (p<0.05, Mann-Whitney U Test); n=3 for control groups 
and n=5 or more for infected groups.  C; Control.  I; Infected.   
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To check for potential differences in Th2 responses between the two lines during 
Eimeria infection, IL13 expression was measured in the pooled RNA sample set 
(Figure 5-5).  No changes to IL13 expression were detected, either in response to E. 
maxima or E. tenella infection or between the two chicken lines and so IL13 was not 
measured in individual samples. 
 
 
Figure 5-5:  IL13 mRNA expression in the jejunum of E. maxima-infected and caecum of E. 
tenella-infected line 15I and C.B12 chickens.  Three-week-old birds were orally inoculated 
with 100 oocysts of E. maxima, 200 oocysts of E. tenella or sterile water (control birds) and 
samples collected at various time points post infection.  Equal quantities of RNA were 
pooled within birds of the same line and treatment group at each time point (n=3 for control 
and n=5 for infected birds) and IL13 expression measured by RT-qPCR.  Data are presented 
as the mean corrected 40-Ct values for triplicate wells ± SEM.  
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IL17A and IL17F expression was measured in the pooled RNA sample set.  No major 
changes were observed in IL17A (Figure 5-6A) or IL17F (Figure 5-6B) expression 
following Eimeria infection or between the two lines and so these cytokines were not 
measured in samples from individual birds. 
 
 
Figure 5-6:  IL17A (A) and IL17F (B) mRNA expression in the jejunum of E. maxima-
infected and caecum of E. tenella-infected line 15I and C.B12 chickens.  Three-week-old 
birds were orally inoculated with 100 oocysts of E. maxima, 200 oocysts of E. tenella or 
sterile water (control birds) and samples collected at various time points post infection.  
Equal quantities of RNA were pooled within birds of the same line and treatment group at 
each time point (n=3 for control and n=5 for infected birds) and IL17A and IL17F expression 
measured by RT-qPCR.  Data are presented as the mean corrected 40-Ct values for triplicate 
wells ± SEM.   
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IL21 expression was measured from the pooled sample set and was changed 
following both E. maxima and E. tenella infection and so was measured in individual 
samples (Figure 5-7).  Following E. maxima infection, IL21 expression increased 
significantly in the jejunum of infected susceptible line 15I birds compared to control 
15I birds but did not increase in infected line C.B12 birds compared to control C.B12 
birds (Figure 5-7A).  Due to the high variation within control groups, statistical 
analysis was repeated against line 15I control birds from all time points to determine 
if the differences observed were a true result of infection or due to natural variation 
between the birds.  Only the increased IL21 in line 15I at 6 dpi was found to be due 
to infection and so the increase observed at 4 dpi must be interpreted with caution.  
IL21 expression during E. maxima infection followed a similar pattern as IFNG and 
IL10 expression.  At early time points, infected resistant line C.B12 birds had higher 
IL21 mRNA levels than infected 15I birds, but, as with IL10 and IFNG expression 
this was reversed at later time points and infected susceptible line 15I birds expressed 
more IL21 mRNA than infected C.B12 birds.   
Following E. tenella infection, IL21 was increased in infected birds of both lines at 
later time points compared to control birds (Figure 5-7B).  No differences in IL21 
expression were observed between the two lines in either control or E. tenella-
infected birds. In both the jejunum and caecum there were several birds of each line 
which failed to produce IL21. 
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Figure 5-7:  IL21 mRNA expression in the jejunum of E. maxima-infected (A) and caecum 
of E. tenella-infected (B) line 15I and C.B12 chickens.  Three-week-old birds were orally 
inoculated with 100 oocysts of E. maxima, 200 oocysts of E. tenella or sterile water (control 
birds) and samples collected at various time points post infection.  Data are presented as 
individual birds.  Significant differences between the two lines given the same treatment are 
indicated by an asterisk, between 15I control and infected birds by an ‘a’ and between C.B12 
control and infected birds by a ‘b’ (p<0.05, Mann-Whitney U Test); n=3 for control groups 
and n=5 or more for infected groups.  C; Control.  I; Infected.   
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IL2 expression was measured in the pooled RNA sample set and appeared to be 
upregulated following Eimeria infection and was therefore measured in individual 
samples (Figure 5-8).  Overall IL2 expression did not change following infection in 
either line when measured in individual birds. 
No significant differences were observed in IL2 expression between the two chicken 
lines after E. tenella infection.  However, IL2 expression did increase significantly 
(p<0.05) in both lines at later time points, compared with control birds. 
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Figure 5-8:  IL2 mRNA expression in the jejunum of E. maxima-infected (A) and caecum of 
E. tenella-infected (B) line 15I and C.B12 chickens.  Three-week-old birds were orally 
inoculated with 100 oocysts of E. maxima, 200 oocysts of E. tenella or sterile water (control 
birds) and samples collected at various time points post infection.  Data are presented as 
individual birds.  Significant differences between the two lines given the same treatment are 
indicated by an asterisk, between 15I control and infected birds by an ‘a’ and between C.B12 
control and infected birds by a ‘b’ (p<0.05, Mann-Whitney U Test); n=3 for control groups 
and n=5 or more for infected groups.  C; Control.  I; Infected.   
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IL6 mRNA was measured as it has previously been associated with resistance to E. 
vermiformis in mice (Lynagh et al., 2000).  IL6 appeared to be changed in response 
to infection in the pooled sample set and so was measured in individual samples 
(Figure 5-9).  Overall, IL6 mRNA expression was unchanged in E. maxima-infected 
compared to control birds and no differences were observed between the two lines.  
Overall, no changes in IL6 expression were observed as a result of infection or in the 
caecum between the two lines following E. tenella infection.   
Due to the high variation in IL6 expression in both control and infected birds, 
significant results were retested against the data from all control birds of that line 
from each time point.  On both occasions the increases originally observed were not 
significant when compared to all control birds of that line indicating that the initial 
significance observed was a result of natural variation between individual birds 
rather than an effect of Eimeria infection.   
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Figure 5-9:  IL6 mRNA expression in the jejunum of E. maxima-infected (A) and caecum of 
E. tenella-infected (B) line 15I and C.B12 chickens.  Three-week-old birds were orally 
inoculated with 100 oocysts of E. maxima, 200 oocysts of E. tenella or sterile water (control 
birds) and samples collected at various time points post infection.  Data are presented as 
individual birds.  Significant differences between the two lines given the same treatment are 
indicated by an asterisk, between 15I control and infected birds by an ‘a’ and between C.B12 
control and infected birds by a ‘b’ (p<0.05, Mann-Whitney U Test); n=3 for control groups 
and n=5 or more for infected groups.  C; Control.  I; Infected.   
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To examine the relationship between the expression of IL10, IFNG, IL21, IL2 and 
IL6 and parasite burden in the gut during Eimeria infection, the correlation between 
the expression of these cytokines and Eimeria genome copy number per mg of host 
tissue was calculated (Table 5-1).  E. maxima genome copy number was found to 
correlate positively with IL10, IFNG and IL21 expression in both lines.  E. tenella 
genome copy number correlated positively with IL10, IFNG, IL21 and IL2 
expression in the caecum of both lines and for IL6 expression in line 15I birds only.   
 
Table 5-1: Spearman's rank correlation coefficients between IL10, IFNG, IL21, IL2 and IL6 
mRNA expression and E. maxima (n=41 for line 15I and n=39 for line C.B12) and E. tenella 
(n=31 for line 15I and n=29 for line C.B12) genome copy number in the jejunum and 
caecum of infected birds.  Shown are the Spearman's correlation coefficients (ρ) for data of 
all infected birds pooled from all time points, calculated between the mean corrected 40-Ct 
of triplicate wells of two cytokines in individual birds.  P values were calculated using the 
two-tailed t test and were considered significant at p<0.05 and highly significant at p<0.001.  
 E. maxima E. tenella 
 15I C.B12 15I C.B12 
IL10 
0.58 0.68 0.75 0.81 
(p<0.05) (p<0.001) (p<0.001) (p<0.001) 
IFNG 
0.51 0.55 0.81 0.86 
(p<0.05) (p<0.05) (p<0.001) (p<0.001) 
IL21 
0.56 0.18 0.51 0.58 
(p<0.05) (p=0.37) (p<0.05) (p<0.05) 
IL2 
0.19 -0.23 0.83 0.75 
(p=0.35) (p=0.26) (p<0.001) (p<0.001) 
IL6 
-0.11 -0.03 0.51 -0.10 
(p=0.59) (p=0.90) (p<0.05) (p=0.61) 
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As similar patterns of expression were observed for IL10, IFNG and IL21 following 
E. maxima infection, the relationship between the levels of cytokine expression was 
examined (Table 5-2).  IL10, IFNG, IL21, IL2 and IL6 expression in the jejunum all 
correlated positively with one another following infection with E. maxima, however 
the correlation between IL6 and the other cytokines was not as strong. 
 
 
Table 5-2:  Spearman's rank correlation coefficients between IL10, IFNG, IL21, IL2 and IL6 
mRNA expression in the jejunum following E. maxima infection.  Shown are the Spearman's 
correlation coefficients (ρ) for data of all birds pooled from all time points, calculated 
between the mean corrected 40-Ct of triplicate wells of two cytokines in individual birds.  P 
values were calculated using the two-tailed t test and were considered significant at p<0.05 
and highly significant at p<0.001; n=85.  
 IL10 IFNG IL21 IL2 IL6 
IL10 
  0.85 0.86 0.59 0.20 
  (p<0.001) (p<0.001) (p<0.001) (p=0.07) 
IFNG 
0.85   0.80 0.67 0.03 
(p<0.001)   (p<0.001) (p<0.001) (p=0.81) 
IL21 
0.86 0.80   0.66 0.13 
(p<0.001) (p<0.001)   (p<0.001) (p=0.23) 
IL2 
0.59 0.67 0.66   0.00 
(p<0.001) (p<0.001) (p<0.001)   (p=0.97) 
IL6 
0.20 0.03 0.13 0.00   
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The relationship between the expression of IL10, IFNG, IL21, IL2 and IL6 in the 
caecum of E. tenella infected birds was also examined (Table 5-3).  IL10, IFNG, 
IL21, IL2 and IL6 expression all correlated positively with one another, but as in the 
case with E. maxima, the correlation between IL6 expression and the expression of 
the other cytokines was not as strong.  
 
Table 5-3: Spearman's rank correlation coefficients between IL10, IFNG, IL21, IL2 and IL6 
mRNA expression in the caecum following E. tenella infection.  Shown are the Spearman's 
correlation coefficients (ρ) for data of all birds pooled from all time points, calculated 
between the mean corrected 40-Ct of triplicate wells for two cytokines in individual birds.  P 
values were calculated using the two-tailed t test and were considered significant at p<0.05 
and highly significant at p<0.001; n=85.  
 IL10 IFNG IL21 IL2 IL6 
IL10 
  0.86 0.76 0.83 0.28 
  (p<0.001) (p<0.001) (p<0.001) (p<0.05) 
IFNG 
0.86   0.82 0.89 0.11 
(p<0.001)   (p<0.001) (p<0.001) (p=0.31) 
IL21 
0.76 0.82   0.73 0.12 
(p<0.001) (p<0.001)   (p<0.001) (p=0.26) 
IL2 
0.83 0.89 0.73   0.13 
(p<0.001) (p<0.001) (p<0.001)   (p=0.23) 
IL6 
0.28 0.11 0.12 0.13   
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5.2.4 IL-10 concentration in gut tissue of E. maxima- and E. 
tenella-infected 15I and C.B12 chickens. 
The concentration of IL-10 in homogenised jejunum and caecum tissues was 
quantified by Dr Sungwon Kim (Roslin Institute, UK) by ELISA (Wu et al., 2016).  
Tissue IL-10 increased in the jejunum of both lines after E. maxima infection.  The 
level of IL-10 in the jejunum tissue of resistant line C.B12 birds infected with E. 
maxima was initially higher than that of infected 15I birds, however at later time 
points, this was reversed and line 15I birds had higher levels of IL-10 than infected 
C.B12 birds, although these differences were not significant (Figure 5-10A).   
IL-10 in the caecum of both lines increased after E. tenella infection, but only 
significantly (p<0.05) in susceptible line C.B12 and overall no difference was 
observed between the two lines (Figure 5-10B). 
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Figure 5-10:  IL-10 in the jejunum and caecum of line 15I and C.B12 chickens infected with 
E. maxima (A) or E. tenella (B) respectively.  Three-week-old birds were orally inoculated 
with 100 E. maxima oocysts, 200 E. tenella oocysts or sterile water (control birds) and 
jejunum or caecum tissue collected and snap-frozen at culling at various time points post 
infection.  Tissues were homogenised and the concentration of IL-10 quantified by ELISA.  
Data are presented as individual birds.  Red tick mark on the y axis indicates the detection 
threshold of the assay (30 pg/ml).  Significant differences between the two lines given the 
same treatment are indicated by an asterisk, between 15I control and infected birds by an ‘a’ 
and between C.B12 control and infected birds by a ‘b’ (p<0.05, Mann-Whitney U Test); n=3 
for control groups and n=5 or more for infected groups.   
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To examine the relationship between protein IL-10 in gut tissue and Eimeria genome 
copy number, the Spearman’s rank correlation coefficient was correlated between the 
two.  The concentration of IL-10 in gut homogenate positively correlated with E. 
maxima and E. tenella genome copy numbers in the jejunum and caecum 
respectively of both lines (Table 5-4). 
 
Table 5-4:  Spearman's rank correlation coefficients between the concentration of IL-10 and 
the Eimeria genome copy number in the jejunum following E. maxima infection (n=41 for 
line 15I and n=39 for line C.B12) and caecum following E. tenella infection (n=31 for line 
15I and n=29 for line C.B12).  Shown are the Spearman's correlation coefficient (ρ) for data 
of all infected birds pooled within lines from all time points.  P values were calculated using 
the two-tailed t test and were considered significant at p<0.05 and highly significant at 
p<0.001.  
E. maxima E. tenella 
15I  C.B12 15I  C.B12 
0.64 0.57 0.40 0.81 
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5.2.5 Serum IL-10 in E. maxima- and E. tenella-infected 15I 
and C.B12 chickens. 
Serum IL-10 was quantified in control and infected birds of both lines by ELISA as 
by Wu et al. (2016).  IL-10 was significantly (p<0.05) increased in the serum of both 
lines in response to E. maxima infection.  The level of IL-10 observed in resistant 
line C.B12 birds infected with E. maxima was initially higher than that of infected 
15I birds, however at later time points, this was reversed and line 15I birds had 
higher serum IL-10 than infected C.B12 birds.  Serum IL-10 in infected susceptible 
line 15I birds also continued to increase to a much greater extent than in line C.B12 
(Figure 5-11A).   
Following E. tenella infection, there were no differences in serum IL-10 between the 
two lines but compared to uninfected birds significant (p<0.05) increases in serum 
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Figure 5-11:  Serum IL-10 in line 15I and C.B12 chickens infected with E. maxima (A) or E. 
tenella (B).  Three-week-old birds were orally inoculated with 100 E. maxima oocysts, 200 
E. tenella oocysts or sterile water (control birds) and serum collected at culling at various 
time points post infection.  Data are presented as individual birds.  Red tick mark on the y 
axis indicates the detection threshold of the assay (30 pg/ml).  Significant differences 
between the two lines given the same treatment are indicated by an asterisk, between 15I 
control and infected birds by an ‘a’ and between C.B12 control and infected birds by a ‘b’ 
(p<0.05, Mann-Whitney U Test); n=3 for control groups and n=5 or more for infected 
groups. 
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Serum IFNγ was measured by ELISA by Dr Sungwon Kim (Roslin Institute, UK).  
Following E. maxima infection, increased serum IFNγ was observed in both lines.  
Early after infection, the resistant line C.B12 birds had higher serum IFNγ than line 
15I birds although this was not significant.  At later time points, infected line 15I 
birds displayed higher serum IFNγ than C.B12 birds (Figure 5-12A). 
Serum IFNγ increased in both lines after E. tenella infection, but greater and earlier 
in susceptible line C.B12 birds (Figure 5-12B).   
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Figure 5-12:  Serum IFNγ in line 15I and C.B12 chickens infected with E. maxima (A) or E. 
tenella (B).  Three-week-old birds were orally inoculated with 100 E. maxima oocysts, 200 
E. tenella oocysts or sterile water (control birds) and serum collected at culling at various 
time points post infection.  Data are presented as individual birds.  Red tick mark on the y 
axis indicates the detection threshold of the assay (31.25 pg/ml).  Significant differences 
between the two lines given the same treatment are indicated by an asterisk, between 15I 
control and infected birds by an ‘a’ and between C.B12 control and infected birds by a ‘b’ 
(p<0.05, Mann-Whitney U Test); n=3 for control groups and n=5 or more for infected 
groups.   
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To examine the relationship between IL-10 and IFNγ in the serum and Eimeria 
parasite burden in the gut, the correlation between the two was examined (Table 5-5).  
Serum IL-10 and IFNγ correlated positively with E. maxima and E. tenella genome 
copy numbers in the jejunum and caecum of both chicken lines, although not always 
significantly.   
 
Table 5-5:  Spearman's rank correlation coefficients between serum IL-10 or IFNγ and 
Eimeria genome copy number in the jejunum following E. maxima infection (n=41 for line 
15I and n=39 for line C.B12) and caecum following E. tenella infection (n=31 for line 15I 
and n=29 for line C.B12).  Shown are the Spearman's correlation coefficient (ρ) for data of 
all infected birds pooled within lines from all time points.  P values were calculated using the 
two-tailed t test and were considered significant at p<0.05 and highly significant at p<0.001.  
 E. maxima E. tenella 
 15I C.B12 15I C.B12 
IL-10 
0.74 0.61 0.33 0.55 
(p<0.001) (p<0.001) (p=0.07) (p<0.05) 
IFNγ 
0.52 0.19 0.55 0.34 
(p<0.001) (p=0.25) (p<0.05) (p=0.07) 
 
 
As the patterns of serum IL-10 and IFNγ levels were similar during E. maxima 
infection, the Spearman’s rank correlation coefficient was calculated between serum 
IL-10 and serum IFNγ.  IL-10 and IFNγ were found to be positively correlated at 
ρ=0.66 (p<0.001) for E. maxima and ρ=0.49 (p<0.001) for E. tenella infection. 
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To examine how closely related the concentration of IL-10 in the serum and tissue 
were to one another and to the level of mRNA expressed in the gut, the correlations 
between them was calculated.  IL-10 levels in gut tissue and serum, and IL10 mRNA 
expression in the gut correlated positively with one another following both E. 
maxima (Table 5-6) and E. tenella infection (Table 5-7).   
 
Table 5-6:  Spearman's rank correlation coefficients between serum IL-10 and tissue IL-10 as 
quantified by ELISA and IL10 mRNA expression in the jejunum following E. maxima 
infection.  Shown are the Spearman's correlation coefficients (ρ) for data of control and 
infected birds from 2, 4, 6, 8 and 13 dpi, calculated between the mean serum or tissue IL-10 
concentration of duplicate wells and mean corrected 40-Ct of triplicate wells in individual 
birds.  P values were calculated using the two-tailed t test and were considered significant at 
p<0.05 and highly significant at p<0.001; n=85.  
 Serum Tissue mRNA 
Serum 
  0.61 0.51 
  (p<0.001) (p<0.001) 
Tissue 
0.61   0.69 
(p<0.001)   (p<0.001) 
mRNA 
0.51 0.69   
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Table 5-7:  Spearman's rank correlation coefficients between serum IL-10 and tissue IL-10 as 
quantified by ELISA and IL10 mRNA expression in the caecum following E. tenella 
infection.  Shown are the Spearman's correlation coefficients (ρ) for data of control and 
infected birds from 2, 4, 6, 8 and 13 dpi, calculated between the mean serum or tissue IL-10 
concentration of duplicate wells and mean corrected 40-Ct of triplicate wells in individual 
birds.  P values were calculated using the two-tailed t test and were considered significant at 
p<0.05 and highly significant at p<0.001; n=85.  
 Serum Tissue mRNA 
Serum 
  0.35 0.26 
  (p<0.05) (p<0.05) 
Tissue 
0.35   0.64 
(p<0.05)   (p<0.001) 
mRNA 
0.26 0.64   




To examine how closely the level of IFNγ in the serum reflected that of IFNG 
expression in the gut following infection, the Spearman’s rank correlation coefficient 
was calculated between serum IFNγ and IFNG mRNA expression in the jejunum and 
caecum following E. maxima and E. tenella infection respectively.  IFNγ in the 
serum correlated positively with IFNG mRNA expression in the gut at ρ=0.71 
(p<0.001) for E. maxima and ρ=0.68 for E. tenella infection. 
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5.2.6 Changes to cell subpopulations in the gut of E. maxima 
and E. tenella infected 15I and C.B12 chickens. 
To assess differences to the subpopulation of immune cells in the gut during Eimeria 
infection between the two chicken lines, ICC analysis was performed on snap frozen 
tissues and cell populations scored as in Section 2.6.2.  The results are shown here 
alongside histology images of the gut.  Sections were cut and stained from tissues 
collected at 2, 7 and 13 dpi.  
Following E. maxima infection, no parasites were observed in the jejunum of 
infected birds of either line at 2 or 13 dpi, however E. maxima gamonts containing 
microgametes and macrogametes were observed at 7 dpi (shown in Figure 5-13 for 
line 15I).  Gamonts were mainly located throughout the villi of the jejunum, either in 
the epithelium or sitting in the lamina propria just underneath the epithelial layer. 
As with E. maxima infection, E. tenella was observed in the caecum of infected birds 
at 7 dpi only (shown in Figure 5-14 for line C.B12).  High numbers of E. tenella 









Figure 5-13:  Control and E. maxima-infected jejunum villi and crypt regions from line 15I chickens at 7 dpi.  Red arrows indicate E. maxima 
macrogametes.  Black arrows indicate E. maxima microgametes.  Red AEC stain indicates CD25+ cells.  Bars represent 100 µm. 









Figure 5-14:  Control and E. tenella-infected caeca from line C.B12 chickens at 7 dpi.  Red arrows indicate E. maxima macrogametes.  Black arrows 




At 2 dpi with E. maxima and E. tenella infection, no apparent differences were 
observed in the cell subpopulations between infected and control birds or between 
the two lines therefore only sections cut from 7 and 13 dpi tissues were scored for 
each cell subpopulation.  In the jejunum of control 15I and C.B12 birds, the majority 
of CD4+ cells were LPLs and in general, with the exception of areas containing CD4+ 
clusters, were evenly spaced throughout the lamina propria of both crypts and villi.  
In line 15I birds, CD4+ IELs were few whereas line C.B12 seemed to have slightly 
higher numbers of CD4+ IELs.  In both lines, CD4+ IELs and LPLs exhibited a 
rounded morphology.  Clusters of CD4+ LPLs were observed in some control birds of 
both lines.  In infected susceptible line 15I birds, all birds had areas of crypt that 
were nearly completely stained with CD4+ cells however this was not where the 
majority of the E. maxima gamonts were observed, at least at this stage of the 
parasite’s life cycle (Figure 5-15, Figure 5-16 and Figure 5-17).   
In control caeca of both lines, CD4+ LPL clusters were observed in the majority of 
birds from both lines.  Otherwise, CD4+ LPLs were scattered evenly throughout the 
lamina propria and were rounded in morphology.  Very few caecal CD4+ IELs were 
observed in either of the lines, in control or E. tenella-infected birds.  Following E. 
tenella infection huge increases of CD4+ cells were observed in both lines (Figure 
5-15 and Figure 5-18).   




Figure 5-15:  CD4+ cells in the jejunum of E. maxima-infected and mid-caecum of E. 
tenella-infected lines 15I and C.B12 chickens.  Three-week old chicks were orally inoculated 
with 100 E. maxima oocysts, 200 E. tenella oocysts or sterile water and samples collected for 
histology at 7 and 13 dpi.  Cell populations were scored as in section 2.6.2.  Each individual 





Figure 5-16:  CD4+ cells in the crypts of the jejunum of E. maxima-infected line 15I and 
C.B12 birds.  Three-week-old birds were orally inoculated with 100 E. maxima oocysts and 
samples collected for histology at 7 and 13 dpi.  Red AEC stain indicates CD4+ cells.  Bars 
represent 100 µm.   




Figure 5-17: CD4+ cells in the villi of the jejunum of E. maxima-infected line 15I and C.B12 
birds.  Three-week-old birds were orally inoculated with 100 E. maxima oocysts and samples 
collected for histology at 7 and 13 dpi.  Red AEC stain indicates CD4+ cells.  Bars represent 





Figure 5-18:  CD4+ cells in the caecum of E. tenella-infected line 15I and C.B12 birds.  
Three-week-old birds were orally inoculated with 200 E. tenella oocysts and samples 
collected for histology at 7 and 13 dpi.  Red AEC stain indicates CD4+ cells.  Bars represent 
100 µm.  
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In control birds of both lines, CD8α+ cells were LPLs and IELs scattered throughout 
the jejunum, with small clusters throughout the crypts and villi.  Overall there was no 
difference in the CD8α+ cell population between the two lines, in either control or 
infected birds.  Following E. maxima infection, high numbers of infiltrating CD8α+ 
LPLs were observed in both lines at 7 dpi, but by 13 dpi, only smaller clusters of 
CD8α+ LPLs were observed (Figure 5-19, Figure 5-20 and Figure 5-21).  At 7 dpi, it 
was observed that the anti-CD8α antibody used (clone 3-298) resulted in staining of 
E. maxima gamonts (Figure 5-21).  This was not observed in sections stained with 
isotype control antibodies.  To account for this, stained gamonts were excluded when 
scoring was performed on the sections.   
In control birds of both lines, CD8α+ LPLs and IELs were scattered throughout the 
caeca.  CD8α+ LPLs increased to a greater extent in susceptible line C.B12 compared 






Figure 5-19:  CD8α+ cells in the jejunum of E. maxima-infected and mid-caecum of E. 
tenella-infected lines 15I and C.B12 chickens.  Three-week old chicks were orally inoculated 
with 100 E. maxima oocysts, 200 E. tenella oocysts or sterile water and samples collected for 
histology at 7 and 13 dpi.  Cell populations were scored as in section 2.6.2.  Each individual 
dot represents data from one bird.  C; Control.  I; Infected. 
 




Figure 5-20:  CD8α+ cells in the crypts of the jejunum of E. maxima-infected line 15I and 
C.B12 birds.  Three-week-old birds were orally inoculated with 100 E. maxima oocysts and 
samples collected for histology at 7 and 13 dpi.  Red AEC stain indicates CD8α+ cells.  
Black arrowheads indicate rounded CD8α+ IELs.  Red arrowheads indicate those which were 





Figure 5-21:  CD8α+ cells in the villi of the jejunum of E. maxima-infected line 15I and 
C.B12 birds.  Three-week-old birds were orally inoculated with 100 E. maxima oocysts and 
samples collected for histology at 7 and 13 dpi.  Red AEC stain indicates CD8α+ cells.  
Black arrowheads indicate rounded CD8α+ IELs.  Red arrowheads indicate those which were 
elongated and pressed against the basal membrane.    Bars represent 100 µm. 




Figure 5-22:  CD8α+ cells in the caecum of E. tenella-infected line 15I and C.B12 birds.  
Three-week-old birds were orally inoculated with 200 E. tenella oocysts and samples 
collected for histology at 7 and 13 dpi.  Red AEC stain indicates CD8α+ cells.  Black 
arrowheads indicate rounded CD8α+ IELs.  Red arrowheads indicate those which were 





In control jejunum from both lines, the majority of TCRγδ+ cells were IELs.  Very 
few TCRγδ+ cells were LPLs but those that were present were mainly located just 
underneath the epithelium of both crypts and villi and were smaller in size than 
TCRγδ+ IELs although the majority of TCRγδ+ cells observed were rounded in 
morphology.  Following E. maxima infection, no major changes were observed to the 
population of TCRγδ+ cells in either line and no differences between the lines in the 
numbers of TCRγδ+ cells were observed (Figure 5-23, Figure 5-24 and Figure 5-25).   
In control caeca of both lines, the majority of TCRγδ+ cells were IELs but a few 
TCRγδ+ LPLs were scattered throughout the lamina propria.  Following E. tenella 
infection, elevated numbers of TCRγδ+ LPLs and IELs were observed in some 
infected and control birds of both lines (Figure 5-23 and Figure 5-26). 
 




Figure 5-23:   TCRγδ+ cells in the jejunum of E. maxima-infected and mid-caecum of E. 
tenella-infected lines 15I and C.B12 chickens.  Three-week old chicks were orally inoculated 
with 100 E. maxima oocysts, 200 E. tenella oocysts or sterile water and samples collected for 
histology at 7 and 13 dpi.  Cell populations were scored as in section 2.6.2. Each individual 





Figure 5-24:  TCRγδ+ cells in the crypts of the jejunum of E. maxima-infected line 15I and 
C.B12 birds.  Three-week-old birds were orally inoculated with 100 E. maxima oocysts and 
samples collected for histology at 7 and 13 dpi.  Red AEC stain indicates TCRγδ + cells.  
Bars represent 100 µm.   




Figure 5-25:  TCRγδ+ cells in the villi of the jejunum of E. maxima-infected line 15I and 
C.B12 birds.  Three-week-old birds were orally inoculated with 100 E. maxima oocysts and 
samples collected for histology at 7 and 13 dpi.  Red AEC stain indicates TCRγδ + cells.  






Figure 5-26:  TCRγδ+ cells in the caecum of E. tenella-infected line 15I and C.B12 birds.  
Three-week-old birds were orally inoculated with 200 E. tenella oocysts and samples 
collected for histology at 7 and 13 dpi.  Red AEC stain indicates TCRγδ + cells.  Bars 
represent 100 µm.  
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In the jejunum of control birds, the majority of TCRαβ1
+ cells were LPLs and many 
clusters of TCRαβ1
+ LPLs were observed as were areas of nearly complete staining 
(a score of 4) in both lines.  TCRαβ1
+ IELs were mainly scattered throughout the 
jejunum villus epithelium of both lines but were also present in the crypt epithelium.  
TCRαβ1
+ LPLs are likely T cells that co-express CD4 or CD8.  High numbers of 
TCRαβ1
+ LPLs were observed in control and infected birds of both lines.  Overall, 
there were no major changes in the numbers of TCRαβ1
+ IELs as a result of E. 
maxima infection or between the two lines (Figure 5-27, Figure 5-28 and Figure 
5-29).   
As in the jejunum, caecal TCRαβ1
+ cells were generally LPLs and likely to be T cells 
co-expressing CD4 or CD8.  In many of the control birds, clusters of TCRαβ1
+ LPLs 
were present but otherwise were scattered evenly throughout the lamina propria.  
Low numbers of TCRαβ1
+ IELs were observed in the caecum of control birds.  
Following E. tenella infection, increased numbers of TCRαβ1
+ LPLs and IELs were 
observed in the lamina propria of both lines compared to control birds (Figure 5-27 





Figure 5-27:  TCRαβ1+ cells in the jejunum of E. maxima-infected and mid-caecum of E. 
tenella-infected lines 15I and C.B12 chickens.  Three-week old chicks were orally inoculated 
with 100 E. maxima oocysts, 200 E. tenella oocysts or sterile water and samples collected for 
histology at 7 and 13 dpi.  Cell populations were scored as in section 2.6.2.  Each individual 
dot represents data from one bird.  C; Control.  I; Infected.   




Figure 5-28:  TCRαβ1+ cells in the crypts of the jejunum of E. maxima-infected line 15I and 
C.B12 birds.  Three-week-old birds were orally inoculated with 100 E. maxima oocysts and 
samples collected for histology at 7 and 13 dpi.  Red AEC stain indicates TCRαβ1 + cells.  





Figure 5-29:  TCRαβ1+ cells in the villi of the jejunum of E. maxima-infected line 15I and 
C.B12 birds.  Three-week-old birds were orally inoculated with 100 E. maxima oocysts and 
samples collected for histology at 7 and 13 dpi.  Red AEC stain indicates TCRαβ1 + cells.  
Bars represent 100 µm.   




Figure 5-30:  TCRαβ1+ cells in the caecum of E. tenella-infected line 15I and C.B12 birds.  
Three-week-old birds were orally inoculated with 200 E. tenella oocysts and samples 
collected for histology at 7 and 13 dpi.  Red AEC stain indicates TCRαβ 1+ cells.  Bars 
represent 100 µm.   
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In the jejunum of control birds, CD25+ cells were mainly scattered throughout the 
lamina propria in both the crypts and villi and it was not unusal to find clusters of 
CD25+ LPLs in the crypts.  CD25+ IELs were also scattered throughout the epithelium 
of both the crypts and villi and were generally larger than CD25+ LPLs.  Both CD25+ 
IELs and LPLs were rounded in shape; CD25+ IELs likely represent epithelial NK 
cells (Göbel et al., 2001).  Following E. maxima infection, large infiltrates of CD25+ 
LPLs were observed in some but not all birds of both lines.  Overall no major changes 
were observed in the CD25+ IEL population in either line following infection (Figure 
5-31, Figure 5-32 and Figure 5-33). 
In control caeca of both lines, CD25+ cells were mainly LPLs, although some CD25+ 
IELs were scattered throughout the crypts and villi.  As in the jejunum, CD25+ cells in 
the caecum were rounded in morphology.  CD25+ LPLs increased in some but not all 
birds of both lines following E. tenella infection and overall, no differences were 
observed in the CD25+ IELs population in either of the lines or in response to E. tenella 
infection (Figure 5-31 and Figure 5-34).   
  




Figure 5-31:  CD25+ cells in the jejunum of E. maxima-infected and mid-caecum of E. 
tenella-infected lines 15I and C.B12 chickens.  Three-week old chicks were orally inoculated 
with 100 E. maxima oocysts, 200 E. tenella oocysts or sterile water and samples collected for 
histology at 7 and 13 dpi.  Cell populations were scored as in section 2.6.2.  Each individual 





Figure 5-32:  CD25+ cells in the crypts of the jejunum of E. maxima-infected line 15I and 
C.B12 birds.  Three-week-old birds were orally inoculated with 100 E. maxima oocysts and 
samples collected for histology at 7 and 13 dpi.  Red AEC stain indicates CD25 + cells.  
Black arrowheads indicate CD25+ IELs of rounded morphology.  Red arrowheads indicate 
CD25+ cells pressed against the basal membrane.  Bars represent 100 µm.   




Figure 5-33:  CD25+ cells in the villi of the jejunum of E. maxima-infected line 15I and 
C.B12 birds.  Three-week-old birds were orally inoculated with 100 E. maxima oocysts and 
samples collected for histology at 7 and 13 dpi.  Red AEC stain indicates CD25 + cells.  
Black arrowheads indicate rounded CD25+ IELs.  Red arrowheads indicate CD25+ cells 





Figure 5-34:  CD25+ cells in the caecum of E. tenella-infected line 15I and C.B12 birds.  
Three-week-old birds were orally inoculated with 200 E. tenella oocysts and samples 
collected for histology at 7 and 13 dpi.  Red AEC stain indicates CD25 + cells.  Bars 
represent 100 µm.  
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In the jejunum of control birds of both lines, many chB6+ IELs were present as large 
cells of mixed morphology throughout both the crypts and villi and are indicative of 
epithelial NK cells (Vervelde et al., 1993).  The chB6+ LPL population, indicating B 
cells, was dependent on the tissue and region of tissue examined, some areas 
contained very few chB6+ LPLs, whereas other regions contained clusters and areas 
of higher infiltration of chB6+ LPLs.  In addition, follicles with tightly packed chB6+ 
cells were observed which are germinal centres.  High numbers of chB6+ LPLs were 
observed in both lines in infected and control birds at 7 dpi whereas this was only 
observed in a few of the infected line C.B12 birds at 13 dpi.  In both lines, jejunum 
chB6+ IELs were increased in the majority of birds of both lines following infection 
(Figure 5-35, Figure 5-36 and Figure 5-37).   
In control caeca, clusters of chB6+ LPLs were observed in all birds, regardless of line 
or infection status.  Few chB6+ IELs were observed in control caeca.  Overall there 
was no change in the chB6+ LPL population following infection, but higher numbers 
of chB6+ IELs were observed in some of the infected birds of both lines (Figure 5-35 






Figure 5-35:  ChB6+ cells in the jejunum of E. maxima-infected and mid-caecum of E. 
tenella-infected lines 15I and C.B12 chickens.  Three-week old chicks were orally inoculated 
with 100 E. maxima oocysts, 200 E. tenella oocysts or sterile water and samples collected for 
histology at 7 and 13 dpi.  Cell populations were scored as in 2.6.2.  Each individual dot 
represents data from one bird.  C; Control.  I; Infected.   




Figure 5-36:  ChB6+ cells in the crypts of the jejunum of E. maxima-infected line 15I and 
C.B12 birds.  Three-week-old birds were orally inoculated with 100 E. maxima oocysts and 
samples collected for histology at 7 and 13 dpi.  Red AEC stain indicates ChB6 + cells.  Bars 





Figure 5-37:  ChB6+ cells in the villi of the jejunum of E. maxima-infected line 15I and 
C.B12 birds.  Three-week-old birds were orally inoculated with 100 E. maxima oocysts and 
samples collected for histology at 7 and 13 dpi.  Red AEC stain indicates ChB6 + cells.  Bars 
represent 100 µm.   




Figure 5-38:  ChB6+ cells in the caecum of E. tenella-infected line 15I and C.B12 birds.  
Three-week-old birds were orally inoculated with 200 E. tenella oocysts and samples 
collected for histology at 7 and 13 dpi.  Red AEC stain indicates ChB6 + cells.  Bars 




In jejunum from control 15I and C.B12 birds, MRC1L-B+ (chicken mannose receptor 
1, previously described as KUL01+ cells, present on APC) cells were mainly LPLs 
with very few MRC1L-B+ IELs.  MRC1L-B+ cells were of a mixed morphology in 
both control and infected birds, some were rounded in shape whereas others were 
more elongated.  At 7 dpi with E. maxima, some clusters of MRC1L-B+ LPLs were 
observed in both lines, but these were small in comparison with other cell types and 
overall no major changes were observed to the number of MRC1L-B+ cells (Figure 
5-39, Figure 5-40 and Figure 5-41).   
In the caeca of control birds of both lines, the majority of MRC1L-B+ cells were 
LPLs located just underneath the epithelium and displayed an elongated morphology.  
Overall no change to the number of MRC1L-B+ LPLs was observed with the 
exception of a few birds of each line at 13 dpi, where clusters of MRC1L- B+ LPLs 
were observed.  As in the jejunum of E. maxima-infected birds, these clusters were 
far smaller than for other cell types (Figure 5-39 and Figure 5-42). 




Figure 5-39:  MRC1L-B+ cells in the jejunum of E. maxima-infected and mid-caecum of E. 
tenella-infected lines 15I and C.B12 chickens.  Three-week old chicks were orally inoculated 
with 100 E. maxima oocysts, 200 E. tenella oocysts or sterile water and samples collected for 
histology at 7 and 13 dpi.  Cell populations were scored as in 2.6.2.  Each individual dot 






Figure 5-40:  MRC1L-B + cells in the crypts of the jejunum of E. maxima-infected line 15I 
and C.B12 birds.  Three-week-old birds were orally inoculated with 100 E. maxima oocysts 
and samples collected for histology at 7 and 13 dpi.  Red AEC stain indicates MRC1L-B + 
cells.  Black and red arrowheads indicate MRC1L-B + LPLs of rounded and elongated 
morphology respectively.  Bars represent 100 µm.   




Figure 5-41:  MRC1L-B + cells in the villi of the jejunum of E. maxima-infected line 15I and 
C.B12 birds.  Three-week-old birds were orally inoculated with 100 E. maxima oocysts and 
samples collected for histology at 7 and 13 dpi.  Red AEC stain indicates MRC1L-B + cells.  
Black and red arrowheads indicate MRC1L-B + LPLs of rounded and elongated morphology 





Figure 5-42:  MRC1L-B + cells in the caecum of E. tenella-infected line 15I and C.B12 birds.  
Three-week-old birds were orally inoculated with 200 E. tenella oocysts and samples 
collected for histology at 7 and 13 dpi.  Red AEC stain indicates MRC1L-B + cells.  Black 
and red arrowheads indicate MRC1L-B + LPLs of rounded and elongated morphology 
respectively.  Bars represent 100 µm.  
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5.3 Discussion 
The aim of this chapter was to test the hypothesis that chicken lines which display 
differential resistance and susceptibility to E. maxima and E. tenella infection will 
exhibit differential immune responses.  This chapter aimed to phenotype these 
differences in order to identify the basis of Eimeria resistance.  Firstly, to determine 
resistance and susceptibility to E. maxima and E. tenella, parasite burden between the 
two lines was examined.  Following E. maxima infection, line 15I chickens had 
significantly higher E. maxima load in the jejunum than line C.B12.  Given that line 
15I is considered susceptible to E. maxima in comparison to line C.B12 and 15I 
chickens produce more oocysts following primary E. maxima infection (Bumstead et 
al., 1995; Smith et al., 2002), it is to be expected that there should be higher parasite 
burden in the gut of line 15I chickens following infection.  On comparison of E. 
tenella load in the caecum of the two lines no differences in copy number were 
observed.  This is in line with previous findings where both lines produce similar 
numbers of oocysts following primary infection with the Houghton strain of E. 
tenella (Bumstead et al., 1995) and therefore it confirms that no difference in E. 
tenella burden in the caecum following a primary infection was observed between 
the two chicken lines.  However, another study found that following infection with 
the Weybridge strain of E. tenella, line 15I chickens shed fewer oocysts than line C 
birds following primary infection (Bumstead et al., 1992).   Unfortunately, there 
were not sufficient inbred birds available to study secondary infection in response to 
the Houghton strain of E. tenella and the difference in E. tenella burden in the 
caecum of the two lines following secondary infection could not be examined.  
However, since line C.B12 chickens produce more E. tenella oocysts following 
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secondary infection than line 15I chickens, line C.B12 would have a higher E. tenella 
genome copy number in the gut than line 15I.  Although resistance to the Houghton 
strain of E. tenella is displayed during secondary infection, it is possible that 
differences in the response to primary infection may explain resistance observed at 
secondary infection. 
Previously, IL-10 was implicated in susceptibility to E. maxima and IL10 mRNA 
expression was higher at 6 dpi in the jejunum of E. maxima-infected line 15I 
chickens than line C.B12 (Rothwell et al., 2004).  Here, chicken lines 15I and C.B12 
were infected with E. maxima and E. tenella and the kinetics of the IL-10 response 
further characterised at mRNA and protein level, both locally in the gut tissue and 
systemically in serum.  After E. maxima infection, increased IL-10 protein and IL10 
mRNA expression was observed in the jejunum of both lines in comparison to 
control birds.  Unexpectedly, localised IL-10 protein levels and IL10 mRNA 
expression observed in the jejunum during E. maxima infection was higher initially 
in infected resistant birds up until 4 dpi, but at 5 to 7 dpi it was higher in susceptible 
birds.  Serum IL-10 was also increased in infected birds compared with controls of 
the same line, but in susceptible line 15I birds, serum IL-10 increased to a much 
greater extent and for longer in comparison with line C.B12.  The increased serum 
IL-10 levels observed in E. maxima-infected line 15I birds indicates that high levels 
of IL-10 may contribute towards susceptibility to E. maxima.  However, the level of 
IL-10 in the serum reflected that of the localised IL-10 response in the jejunum, 
whereby infected resistant line C.B12 birds had higher serum IL-10 than infected line 
15I birds at early time points; but as E. maxima infection progressed, this changed 
and line 15I had higher serum IL-10 than line C.B12.  These results indicate that high 
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levels of IL-10 is a predictor of susceptibility to E. maxima, but only from 5 dpi 
onwards. 
Following E. tenella infection, serum IL-10 did increase in both lines but overall 
concentrations were very low and although statistically significant differences were 
observed, the biological significance of such low concentrations is less convincing, 
particularly as in many of the birds, serum IL-10 levels fell below the limit of 
detection of the assay.  There was no difference in serum IL-10 between the two 
lines following E. tenella infection and overall IL10 expression in the caecum did not 
increase in either line.  This is in contrast with a recent study using commercial 
broilers, which found that serum IL-10 is increased at 5 dpi with E. tenella compared 
to control birds (Wu et al., 2016); however Wu et al., (2016) administered doses of 4 
x 103 and 35 x 103 oocysts to the birds, a much higher dose than in this study.  
Overall, IL-10 did not appear to be a factor in susceptibility to E. tenella however the 
immune response to a secondary infection with the Houghton strain of E. tenella 
would need to be examined before a role for IL-10 could be ruled out completely.   
Other studies have indicated that IL-10 reduces the efficacy of the immune response 
to Eimeria.  Antibody-mediated IL-10 depletion in broilers resulted in increased 
weight gain and decreased oocyst production following inoculation with an 
attenuated Eimeria spp. (E. maxima, E. tenella and E. acervulina) vaccine (Arendt et 
al., 2016).  Moreover, IL-10 depletion had no effect on acquired immunity as 
chickens treated with anti-IL-10 antibody during vaccination displayed similar 
weight gains following secondary challenge as chickens that were not treated with 
anti-IL-10 antibody (Sand et al., 2016).  In addition, another study found that in 
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broilers treated with CitriStim, a yeast mannan feed additive, IL10 mRNA was 
reduced in the CT of birds given an attenuated vaccine containing E. maxima, E. 
tenella and E. acervulina and this was accompanied by reduced oocyst shedding and 
improved feed efficiency and weight gain (Shanmugasundaram et al., 2013).   
Literature surrounding the role of IL-10 during infection with other protozoans is 
contradictory.  In some cases, IL-10 is implicated in increased parasite burden.  In 
IL10-/- mice infected with C. parvum a reduction in oocyst shedding was observed 
compared to wild type mice (Campbell et al., 2002).  During T. cruzi infection, 
susceptible mice have higher IL10 mRNA in the spleen (Reed et al., 1994).  IL10-/- 
mice display increased resistance through reduced parasite burden in the liver and 
also exhibit higher IFNγ and NO production compared to wild type mice during 
Leishmania donovani infection (Murphy et al., 2001).  However, IL-10 can also be 
required for limiting immunopathology during protozoan infections.  During 
toxoplasmic encephalitis, IL10-/- mice have comparable parasite burden to wild type 
mice but develop a lethal inflammatory response in the brain characterised by 
increased influxes of CD4+ T cells, macrophages and proinflammatory cytokines 
(Gazzinelli et al., 1996; Wilson et al., 2005). 
Increased E. maxima burden in the gut correlated with increased serum IL-10 and 
jejunum IL10 mRNA and is it possible that E. maxima is inducing IL-10.  In 
response to recombinant macrophage migration inhibitory factor (MIF)-like protein 
from Anisakis simplex increased IL10 expression was observed in human PBMCs 
(Paark et al., 2012).  A MIF-like protein has also been identified in E. acervulina 
(Miska et al., 2013) and is potentially involved in enhancing IL-10 production during 
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Eimeria infection in order to reduce the efficacy of the Th1 response, allowing the 
parasite to evade the immune response. 
Serum IFNγ and jejunum IFNG and IL21 mRNA expression also followed the same 
pattern as serum IL-10 and IL10 mRNA expression in the jejunum of E. maxima 
infected birds whereby it was initially higher in infected C.B12 birds early during 
infection but higher in infected 15I birds at later time points.  IL10, IFNG, and IL21 
expression in the jejunum all correlated positively with one another.  As with serum 
IL-10, serum IFNγ was increased in susceptible line 15I and to a much greater extent 
and for longer than in line C.B12.  These results suggest that the speed at which line 
C.B12 responds to E. maxima infection could at least be partially responsible for the 
resistance exhibited by this line.  It is possible that the earlier production of IFNG in 
the jejunum coupled with the slightly higher expression in uninfected C.B12 birds 
compared with 15I birds is important in inhibiting parasite replication early on.  In E. 
vermiformis-resistant mice, cells taken from the mesenteric lymph node (MLN) were 
responsive to Con A appear earlier than in susceptible mice and produced more IFNγ 
(Wakelin et al., 1993) indicating that early timing of the immune response may be 
important to Eimeria resistance.  Other studies have indicated that IFNγ is important 
to resistance to Eimeria.  In murine studies, mice deficient in IFNγ have increased 
signs of clinical disease and reduced weight gain compared to mice with intact IFNγ 
following infection with E. vermiformis and E. pragensis (Rose et al., 1989).  In vitro 
studies have shown that IFNγ is important in reducing the ability of E. tenella to 
replicate within chicken embryo fibroblast and bone marrow macrophage cell 
cultures (Dimier et al., 1998).  It is possible that the higher expression of IFNG at 
early time points is enough to greatly reduce the ability of E. maxima to invade and 
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replicate within host cells, reducing the magnitude of infection.  Rothwell et al. 
(2004) found that lines C.B12 and 15I expressed similar levels of IFNG at 6 and 9 
dpi with E. maxima.  However in this study, IFNG expression was higher in line 15I 
birds at 6 and 8 dpi.  In both studies, birds were given the same dose of E. maxima 
however it should be noted that Rothwell et al. (2004) used the Houghton strain 
whereas the Wisconsin strain was used in this study.  To date, infection with these 
two strains of E. maxima have not been directly compared.   
In both the jejunum and caecum there were several birds of each line which failed to 
express IL21.  Why these birds did not produce IL21 is unclear.  The quality of RNA 
was checked using an Agilent Technologies 2200 Tapestation and were found to 
have RNA Integrity Numbers (RIN) of 8 or above.  RNA was also re-extracted from 
these samples and IL21 was not detected upon repetition of the RT-qPCR.  IL-21 is 
present in the gut of healthy humans and is increased in those suffering Crohn’s 
disease (Monteleone et al., 2005).  It seems likely that IL21 expression should be 
detected in the gut of all control and infected birds.   
Serum IFNγ was increased in both lines in response to E. tenella and was increased 
earlier and to a greater extent in line C.B12 chickens than 15I chickens.  IFNG and 
IL21 in caecal tissue were also increased following E. tenella infection, IL21 slightly 
later than IL10 and IFNG.  Overall no differences were observed between the two 
lines with E. tenella infection which could explain the resistance and susceptibility 
exhibited upon secondary infection of the two lines.  These results indicate that 
resistance exhibited at secondary infection is not a result of differences in the 
immune response at primary infection.  A possibility is that resistance to E. tenella 
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relies upon the development of an effective memory response and it would be 
interesting to compare the timing and magnitude of memory B cell and Eimeria-
specific antibody responses, and the effects of adoptive transfer of lymphocytes on 
immunity between the two lines.   
IFNG expression increased in both resistant and susceptible chicken lines SC and TK 
respectively after infection with E. acervulina.  IFNγ was slightly higher in duodenal 
IELs of susceptible TK chickens at the time of both primary and secondary 
inoculation but overall no differences were apparent between the two lines (Choi et 
al., 1999).  IFNγ has been associated with disease resistance to protozoan parasites 
other than Eimeria.  In L. donovani infection in mice, resistant mice have enhanced 
potency of T cells to produce IFNγ before and during infection whereas susceptible 
mice have lower T cell production of IFNγ before and during infection (Lehmann et 
al., 2000).  IL-21 is not currently associated with natural host resistance to 
protozoans however it is required for optimal immune responses to T. gondii 
(Stumhofer et al., 2013b) and Mycobacterium tuberculosis infection in mice (Booty 
et al., 2016). 
Overall there was no major changes to IL2 or IL6 expression in the jejunum of E. 
maxima-infected birds, although IL2 expression did mirror that of IL10, IFNG and 
IL21 but this pattern was not as pronounced and IL2 expression did not correlate 
quite as strongly with IL10, IFNG or IL21.  During E. vermiformis infection in mice, 
resistant mice had higher serum IL-6 compared with susceptible mice and in IL6-/- 
mice, substantially more oocysts are produced.  The same study identified increased 
serum IL-6 in chickens following E. tenella infection although this was not linked to 
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resistance or susceptibility (Lynagh et al., 2000).  Swaggerty et al. (2011) also found 
that broilers that had inherently high levels of proinflammatory mediators including 
IL-6, CXCLi2 and CCLi2 were more resistant to E. tenella infection than chickens 
with inherently low proinflammatory mediators.  There was no inherent difference in 
IL6 expression between the two lines observed here and the fairly mild IL2 and IL6 
response may be due to the low dose of oocysts administered to the birds.  In both of 
the above studies, chickens and mice were challenged with higher doses than in this 
study and this could account for the lack of IL-6 response observed here.   
A relationship between IFNγ, IL-21 and IL-10 has been observed previously.  The 
Smyth line of chickens is considered an animal model for human vitiligo and IFNG, 
IL21 and IL10 are upregulated in vitiligo lesions indicating that these cytokines may 
contribute to the pathogenesis of Smyth line vitiligo (SLV; Shi et al. (2012)).  During 
chronic T. gondii infection in IL21-/- mice, reduced IFNγ-producing CD4+ and CD8+ 
T cells are observed in the brain however the number of IL-10 producing CD4+ T cells 
was relatively unaffected indicating that IL-21 is important in promoting the IFNγ 
response to T. gondii but not IL-10 responses (Stumhofer et al., 2013b).  In mice during 
T. gondii infection, Th1 cells producing both IFNγ and IL-10 are important to limiting 
immunopathology (Jankovic et al., 2007) yet these cells prevent successful immunity 
to L. major infection in mice (Anderson et al., 2007).  The differences observed could 
in part be explained by differences in the mechanisms of pathogenicity and sites of 
replication between the parasites or related to the balance between IFNγ and IL-10 
following infection.  In human inflammatory bowel disease (IBD), enhanced IL-21 
production in the gut contributes to sustained inflammation and is mostly produced by 
CD4+ T cells that also co-express IFNγ (Sarra et al., 2010).  However in the case of 
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human IBD, it appears that IL-21 mediates increased inflammation that results in 
immunopathology and disease however during Eimeria infection, this inflammation 
could be either beneficial or disadvantageous to clearance of the parasite.   
It seems likely that the IL-21 observed during Eimeria infection is important to 
enhancing the innate IFNγ response.  IL-21 enhances IFNγ production in human NK 
and CD8+ T cells (Strengell et al., 2002) and promotes cytotoxicity and IFNγ 
production in CTLs (Sutherland et al., 2013 ).  During Crohn’s disease, IL-12 increases 
the expression of IL-21 in mucosal explants, and on blocking IL-21, reduced IFNγ 
production and T-bet expression is observed indicating that IL-21 functions as part of 
a positive feedback loop thus maintaining the Th1 response (Monteleone et al., 2005).  
Additionally, IL-21 is also increased during Th2 responses.  During ulcerative colitis 
and L. major infection, increased IL-21 is observed coinciding with a Th2 response 
(Wurster et al., 2002; Fuss et al., 2004).  Th17 cells also produce IL-21 and contribute 
to gut inflammation and the development of severe colitis in mice (Yen et al., 2006).  
The fact that IL-21 production coincides with Th1, Th2 and Th17 responses indicate 
that IL-21 may be more important in maintaining T cell responses rather than 
polarisation of T cells to a particular subtype.  IL-21 also functions to attract 
lymphocytes to sites of inflammation.  During ulcerative colitis, IL-21 induces 
expression of macrophage inflammatory protein 3α (MIP-3α) in epithelial cells 
(Caruso et al., 2007), an important chemokine for the attraction of lymphocytes.  IL-
21 also stimulates increased production of MMPs in fibroblasts (Monteleone et al., 
2006) for degradation of the extracellular matrix, implying that IL-21 increases tissue 
damage through inducing the production of MMPs.     
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IL-21 also has anti-inflammatory functions and has been shown to down-regulate the 
expression of IL-1β and IL-6 in murine peritoneal macrophages (Li et al., 2013) and 
production of TNFα, IL-1β, IL-12p70, IFNγ and IL-6 was increased in LPLs of IL21-
/- mice during DSS-induced gut inflammation (Wang et al., 2016).  It is possible that 
IL-21, while enhancing IFNγ production and T cell responses, reduces the production 
of proinflammatory cytokines during Eimeria infection which may explain the lack of 
changes to IL-6 expression observed in this study.  IL-21 is also shown to elicit 
immunosuppressive effects through induction of IL-10 production in both TCR-
stimulated CD4 and CD8 T cells and Th1 and Th17 polarised T cells (Spolski et al., 
2009).  In addition, IL-21 stimulated IL-10 production in NK cells in vitro, although 
this was accompanied by increased NK cell cytotoxicity and production of IFNγ as 
opposed to suppressing NK cell activities (Brady et al., 2004). 
Following E. maxima infection, the main differences in cytokine expression between 
the lines occurred at early time points and analysis of tissues collected for histology 
at these time points might reveal phenotypic differences in cell subpopulations in the 
gut during E. maxima infection.  However due to timing issues this was not possible 
here.  In general, the cytokine production during E. tenella infection was delayed 
(from 6 dpi) and occurred slightly later than during infection with E. maxima (from 4 
dpi). The timing of IL10 production in the caecum following E. tenella infection 
indicates that IL10 may be important to tissue repair following E. tenella infection.  
The increased IL10 expression observed following E. maxima and E. tenella 
infection is possibly produced by macrophages.  Although no changes to the number 
of macrophages were observed, it is likely that the macrophages become activated 
during infection and produce IL-10.  Late IFNG production is likely due to the 
   
 273 
presence of a Th1 response as indicated by increased numbers of CD4+ and TCRαβ1
+ 
T cells, but may also be produced by the increased CD8α+ cells observed.  Early 
IFNG produced is likely by innate cells such as NK cells (increased chB6+ IELs), 
TCRγδ+ cells and CTLs.  Following E. maxima and E. tenella infection, the late IL21 
produced is likely involved in the adaptive response to Eimeria and could be 
important to IgG production, increased B cell numbers and GC formation as with T. 
gondii infection (Stumhofer et al., 2013b) and may be being produced by the 
increased numbers of CD4+, CD8α+ and TCRαβ+ LPLs or epithelial NK cells (chB6+ 
IELs) observed.  A previous study found that resistant line C chickens exhibited 
higher numbers of CD4+ and CD8+ PBLs following primary infection than line 15I 
and higher numbers of TCRγδ+ PBLs following primary and secondary infection 
with E. maxima but that the numbers of TCRαβ+ PBLs did not differ between the 
lines following infection (Bumstead et al., 1995).  One study found that in E. 
acervulina-resistant line SC chickens, there were higher numbers of CD4+ IELs in 
the duodenum following primary infection at early time points, but at later time 
points, numbers were higher in susceptible line TK chickens.  For TCRγδ+, TCRαβ+ 
and CD8+ IELs this trend was reversed although was not as extreme as in the CD4+ 
IEL population (Choi et al., 1999).  The results of this study did not reveal any major 
differences between the two lines in the subpopulations of these cells in the gut in 
either infected or control birds.   In a study by Swinkels et al. (2007), a fast-growing 
broiler line relatively resistant to E. acervulina compared to a slow-growing line had 
earlier and more pronounced increases in duodenal CD8α+ cells following infection 
coupled with higher levels of IFNG expression indicating that CD8α+ cells are 
important for resistance and IFNγ production during primary E. acervulina infection.  
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Intra-caecal inoculation of E. tenella sporozoites resulted in increased macrophage 
and CD4+ T cell numbers in the caecal lamina propria within 24 hours post 
inoculation (hpi) in naive chickens.  However, in immune chickens, higher numbers 
of CD8+ T cells were observed within 8 hpi (Vervelde et al., 1996).  Increased 
granzyme A, FasL and perforin mRNA expression was also observed in the caecum 
of chickens following secondary E. tenella challenge (Wattrang et al., 2016a), 
indicating that CTL activity is important for protective immunity.  In addition, Rose 
et al. (1992) found that CD8+ T cells were important to resistance at secondary 
infection with E. vermiformis and E. pragensis in mice.  These studies indicate that 
early increases of CD8+ T cells may be important for effective immunity to Eimeria, 
and it is possible that they increase more rapidly in Eimeria-resistant chickens and 
are responsible for the early production of cytokines following infection compared 
with susceptible chickens.  Early increases in macrophages and CD4+ T cells were 
observed by Vervelde et al. (1996) and these cells may also contribute to early 
cytokine production observed during E. maxima infection in this study.  Jeurissen et 
al. (1996) also identified that in E. tenella immune chickens, higher numbers of 
CD8+ T cells are located next to sporozoites in the lamina propria of the caecum 
compared with naïve birds, and in the caecum of immune birds, numbers of CD8+ T 
cells increase drastically in the first two days of infection, further implying that CD8+ 
T cells are important in resistance to Eimeria.  Breed et al. (1997) showed that in E. 
tenella-infected chickens, CD8+ PBLs did not increase until 8 dpi, indicating that 
initial localised responses are important to resistance.   
NK cell activity has also been linked to Eimeria resistance.  Resistant SC chickens 
display higher NK cell activity in duodenal IELs at early time points post infection 
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with E. acervulina and E. maxima than susceptible FP chickens.  However, this study 
also showed that NK cell activity decreased in the first week of infection before 
returning to the levels observed in control birds (Lillehoj, 1989).  The initial 
reduction in NK cell activity observed by Lillehoj et al. (1989) indicates that NK 
cells are likely not responsible for the early responses observed in E. maxima-
resistant birds in this study.  However, ICC analysis of tissues from early time points 
would be required to confirm if this is the case.  During E. vermiformis infection in 
mice, resistant mice display higher NK cell activity in the spleen and MLN whereas 
uninfected susceptible mice have higher resting levels of NK cell activity and are 
earlier to respond following infection indicating that NK cells are not correlated with 
resistance in mice (Smith et al., 1994). 
From this study it appears that the timing and magnitude of the immune response is 
important in resistance to E. maxima and that early production of IFNγ, IL-10 and 
IL-21 is key to limiting E. maxima replication.  During Eimeria infection, immunity 
occurs when sporozoites are in transit through the lamina propria, as very few 
sporozoites reach the crypts (Jeurissen et al., 1996) and fewer schizonts are observed 
(Vervelde et al., 1995) in immune chickens.  It is therefore logical that resistance to 
Eimeria relies on the host response in the first few days of infection, when the 
majority of sporozoites are present in the lamina propria and in contact with LPLs.   
It is likely that the exacerbated IL-10 response observed in line 15I is unfavourable 
and may be limiting the efficacy of the inflammatory and Th1 response.  This study 
was not able to elucidate any potential mechanism of resistance to E. tenella, 
however resistance in line 15I to the Houghton strain of E. tenella is apparent 
following secondary infection (Bumstead et al., 1995) and a follow up trial would be 
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required to underpin immune mechanisms during secondary infection that may be 
important to resistance to E. tenella in these lines.  In conclusion, this study supports 
high IL-10 levels as a biomarker of susceptibility to E. maxima, and identified that 
early responses during first exposure to the parasite may be a biomarker of 
resistance.  From the time points examined by ICC, it was not possible to determine 
which cell types might be important for resistance to E. maxima and further analysis 
of tissues collected at earlier time points would be required to determine which cells 












6.1 Overall perspective  
Coccidiosis caused by Eimeria is a common intestinal disease in the poultry industry, 
resulting in reduced weight gain and feed conversion ratio and increased mortality in 
the birds.  Current methods to control Eimeria, including the use of anti-coccidial 
drugs and vaccination, are insufficient.  Vaccines are expensive, difficult to produce 
and require the passage of live Eimeria oocysts through the birds whereas Eimeria 
resistance to coccidiostats has been reported (Yadav et al., 2001; Arabkhazaeli et al., 
2013).  Improved methods to control Eimeria in the poultry industry are required.  
Alternative strategies include the development of live Eimeria vaccines expressing 
Eimeria antigens of a different species to elicit protection against multiple Eimeria 
spp. (Marugan-Hernandez et al., 2017), the development of subunit vaccines (Jiang 
et al., 2012) and the selective breeding of chickens for Eimeria resistance.  To date, 
some success has been had in breeding for resistance to Eimeria spp.  (Rosenberg et 
al., 1954) showed that it was possible to inoculate chickens with a high dose of E. 
tenella and breed the surviving birds to produce subsequent resistant generations.  
More recently, (Swaggerty et al., 2015) found that selection of chickens with an 
inherently high proinflammatory phenotype resulted in increased resistance to E. 
tenella.  However, resistance to one spp. of Eimeria does not result in resistance to 
another and it is of interest to the poultry industry to identify biomarkers of 
resistance to multiple Eimeria spp., so that these biomarkers can be used for selection 
of chickens resistant to multiple Eimeria strains within commercial broiler 
populations.  The development of subunit vaccines and identification of resistance 
biomarkers both require prior knowledge of the chicken immune response to 
Eimeria.  This study aimed to further characterise innate and Th17 responses during 
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Eimeria infection and identify biomarkers of Eimeria resistance through 
characterisation of the immune response of different chicken lines which differ in 
their resistance and susceptibility to different Eimeria spp. 
One of the main aims of this study was to investigate the responses of APC to 
Eimeria antigens including vaccine candidates IMP1 and AMA1 and to identify 
which chicken PRRs recognise these antigens.  The results of this study support the 
hypothesis that APC promote inflammation, Th1 and regulatory responses during 
Eimeria infection and vaccination with IMP1 and AMA1, and that IMP1 and AMA1 
are recognised by TLRs on the APC surface.  The ability of IMP1 and AMA1 to be 
recognised by chicken TLRs and initiate responses in APC support their potential for 
use as subunit vaccines, which would provide an alternative to the use of live 
oocysts.   
Eimeria infection elicits a Th1 response, but less is known about Th17 responses 
during infection.  In this study, Th17 responses were hypothesised to contribute to 
immunopathology during Eimeria infection, and consequently are a target to improve 
the overall outcome of Eimeria infection in chickens.  E. maxima and E. tenella 
infection of commercial broilers indicated that Th17 responses are not involved in 
immunity to Eimeria, either in contribution to immunopathology or in the resolution 
of infection.  Although Th17 responses were not involved, IL-21 was identified as a 
novel cytokine involved in the response to Eimeria, but it is not yet clear if IL-21 is 
beneficial or harmful to clearance of the parasite, and whether it can be targeted to 
improve the outcome of Eimeria infection.    
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Selective breeding of chickens resistant to Eimeria infection represents an attractive 
strategy to combat coccidiosis in the poultry industry, however biomarkers of 
resistance are required for selection of resistant chickens.  Rothwell et al. (2004) 
showed that IL10 mRNA expression was higher in the jejunum of E. maxima-
susceptible chickens compared with resistant chickens.  As these two chicken lines 
exhibit differential resistance to Eimeria, it is expected they will exhibit differential 
immune responses during infection, and higher IL-10 in the serum and gut will result 
in susceptibility to Eimeria.  This study aimed to identify biomarkers of Eimeria 
resistance through phenotyping the immune response to E. maxima and E. tenella in 
these two lines.  This study confirmed that high levels of gut and serum IL-10 is a 
marker of susceptibility to E. maxima, but only at later time points.  This study also 
identified that early immune responses in the two lines differ and may be indicative 
of resistance to E. maxima, providing a basis from which to identify biomarkers of 
Eimeria resistance in commercial populations of chickens. 
6.1.1 Chicken APC responses to Eimeria antigens 
The current literature implies that APC drive inflammatory processes by increasing 
the production of proinflammatory cytokines during Eimeria infection, however 
these studies have relied heavily upon the use of macrophage-like cell lines.  The 
development of BMM (Garcia-Morales et al., 2014) and BMDC (Wu et al., 2010) 
primary cell cultures from chicken bone marrow cells present the opportunity to 
study intrinsic responses of primary cells to antigens.  In line with current literature, 
chicken BMM and BMDC increased expression of IL1B, IL6 and NOS2 in response 
to crude sonicated E. tenella oocysts (EtAg), indicating macrophages and DCs 
facilitate inflammation during Eimeria infection.  The results presented in this study 
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suggest that DCs could be important producers of IFNγ during the innate phase of 
the immune response to Eimeria and in promoting Th1 responses as observed during 
infection with other protozoan parasites such as L. major (Martínez-López et al., 
2015).  Although EtAg stimulation did not alter IFNG expression, BMM did express 
IFNG and indicating that macrophages can produce IFNγ during Eimeria infection.  
Innate IFNγ produced by DCs, macrophages and NK cells, is likely important to 
enhancing macrophage activation through increased phagocytosis and inflammatory 
cytokine and iNOS production, therefore reducing Eimeria replication.  BMM 
responded to EtAg in a regulatory fashion by upregulating IL10 expression, implying 
that macrophages could be a producer of IL-10 during the early stages of Eimeria 
infection.  In mice, IL-10, produced by intestinal macrophages, is important to 
preventing excessive innate responses to the Citrobacter rodentium bacterium by 
limiting IL-23 production (Krause et al., 2015).  Furthermore, IL-10 is required for 
mucosal homeostasis and loss of IL-10 signalling results in impaired generation of 
intestinal anti-inflammatory macrophages, leading to severe colitis (Shouval et al., 
2014). 
Th17-associated cytokines are also important to innate immunity and can induce IL-
1β and TNFα production by human macrophages (Jovanovic et al., 1998) and in 
murine tissue- and bone marrow-derived macrophages, IL-17A induces IL-12 and 
IL-17A production, although this can be suppressed by IL-10 (Gu et al., 2008).  
Innate IL-17A can also influence macrophage function; IL-17A recruits macrophages 
to sites of inflammation, induces IL-12p70 expression and enhances antigen 
presentation in murine macrophages (Barin et al., 2012).  This study investigated the 
effects of direct EtAg stimulation of APC, but does not account for the cytokine 
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milieu present during inflammation in vivo and the presence of other innate cell types 
and responses.  To investigate the effects of external cytokines on the influence of 
macrophage and DC function, addition of recombinant cytokines, such as IL-17A 
and IL-10, to cultures would examine the effects these cytokines exert on APC 
activity in response to Eimeria.  To investigate the role of macrophages and DCs in 
relation to resistance and susceptibility, an important step would be to characterise 
the responses to Eimeria antigens of BMM and BMDC cultured from resistant and 
susceptible chicken lines.  This would determine if resistance lies in the efficiency of 
APC to produce higher levels of proinflammatory cytokines or more efficiently 
stimulate Th responses.  It would also be of interest to study the response of BMM 
and BMDC from resistant and susceptible chickens to live and heat-killed 
sporozoites to determine if APC from resistant chickens are better able to 
phagocytose and kill sporozoites, or if APC from susceptible chickens are more 
prone to invasion by sporozoites.   
Success in establishing protective immunity to Eimeria by using recombinant 
Eimeria proteins and DNA vaccines has been reported (Yin et al., 2013; Hoan et al., 
2014) however the role of APC in the development of protection has not been fully 
assessed.   This study confirmed that BMM did have the capacity to elicit 
inflammatory responses to IMP1 and AMA1, but did not necessarily do so to 
antigens from both E. maxima and E. tenella.  This result is, in part likely due to 
there being insufficient quantities of protein in the supernatants and the likely 
overestimate of the concentrations present.  To improve upon these results, it would 
be necessary to purify the recombinant proteins from the cell supernatant and 
quantify the concentrations using other methods such as NanoDropTM technology or 
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by Bradford Assay.  Thereafter, the ability of BMM to initiate inflammatory and Th 
responses could be interrogated with greater confidence.   
Based on morphology, BMM and BMDC cultures are highly heterogeneous and cells 
between the cultures share morphological characteristics indicating that there is some 
overlap in the cell populations of the two.  In order to validate BMM and BMDC 
cultures as suitable tools for studying chicken macrophage and DC responses to 
antigens it is important to understand the phenotypic differences between the two 
cultures and to confirm if these cultures do possess properties typical of tissue DCs 
and macrophages, work which is currently ongoing in the Vervelde lab (Roslin 
Institute, UK).    
6.1.2 Host recognition of Eimeria 
Currently it is unknown which Eimeria PAMPs are recognised by which chicken 
PRRs.  This study concludes that IMP1 from E. tenella and AMA1 from E. maxima 
and E. tenella are recognised by chicken TLR1B/2A heterodimers.  In both mammals 
and chickens, the TLR1/2 family recognise bacterial lipoproteins and peptidoglycans 
however the ability of this family to form heterodimers likely allows for an increased 
capacity to recognise a wider range of antigens.  The SEAP reporter gene assay is 
currently developed for TLR1B/2A and TLR1B/2B heterodimers and TLR21, and is 
under development for TLR5, TLR4 and TLR15.  Common TLR agonists amongst 
other protozoan parasites, GPI anchors from Plasmodium, Leishmania, Toxoplasma 
and Trypanosoma appear to be recognised by mammalian TLR2 in heterodimers 
with TLR1, 6 or 4, dependent on the genus of parasite (Ghosh et al., 2013).  
Therefore, Eimeria GPI anchors represent likely candidates for recognition by 
heterodimers formed between chicken TLR1A and B and TLR2A and B.  
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Additionally, T. gondii profilin is recognised by murine TLR11 (Yarovinsky et al., 
2005), which can also recognise bacterial flagellin (Mathur et al., 2012).  While 
TLR11 has not been identified in the chicken, TLR5, which recognises bacterial 
flagellin, is a candidate receptor for the recognition of Eimeria profilin.  Other PRRs 
also exist out with the TLR family, including C-type lectins (CLRs), RIG-I-like 
receptors (RLRs) and Nod-like receptors (NLRs) and it is probable these PRRs are 
involved in recognition of Eimeria PAMPs.  Development of the assay for these 
PRRs would allow for further investigation and as alternatives to reporter gene 
assays, other techniques, such as ligand binding assays that make use of radio or 
fluorescently labelled ligands, could be used.  Eimeria also express a wide range of 
immunogenic surface antigens (Chow et al., 2011) and micronemes (Huang et al., 
2015; Hoan et al., 2016) involved in host cell invasion and it would be interesting to 
determine which TLRs could recognise these Eimeria antigens, particularly as they 
are at the interface of host-parasite interaction.  Knowledge regarding which Eimeria 
PAMPs are recognised by which chicken PRRs provides insight into the signalling 
pathways required for successful immunity to Eimeria and vaccination, presenting 
opportunities for the selection of vaccines based on their ability to stimulate the 
required response, and identify suitable vaccine adjuvants to enhance these responses 
thereby increasing vaccine efficacy.  Furthermore, it would be interesting to compare 
polymorphisms in the PRRs of resistant and susceptible chicken lines, and to 
determine whether PRRs from resistant chickens are more efficient at recognising 
Eimeria PAMPs and therefore in initiating downstream responses.   
 
286 
6.1.3 Th17 responses during Eimeria infection 
The fact that IL-17A-D, IL-17F, IL-21, IL-22, IL-23, IL-23R genes and a partial 
sequence for the Th17 transcription factor RORγt have been identified in the chicken 
genome (Kaiser et al., 2005; Kim, S. et al., 2012; Rothwell et al., 2012; Welch, 
2015) and chicken CD4+ splenocytes expressing IL-17A and IL-17F have been 
detected (Walliser et al., 2017) provides compelling evidence for the existence of 
Th17 responses in the chicken.  Th17 responses are thought to contribute to 
immunopathology during Eimeria infection.   During E. falciformis infection in 
IFNγ-/- mice, Th17 responses were shown to both contribute to increased 
immunopathology but also limit parasite burden (Stange et al., 2012).  In chickens, 
antibody-mediated depletion of IL-17A reduced immunopathology during E. tenella 
infection (Zhang et al., 2013).  In the present study, no changes in the expression of 
Th17-associated cytokines, with the exception of IL-21, was observed indicating that 
Th17 responses did not enhance immunopathology or limit parasite burden in these 
birds.  This is contradictory to previous reports where increased IL-17A and IL-17F 
have been observed following E. maxima and E. tenella infection (Hong et al., 
2006a; Kim, W. et al., 2012).  IL-21 is not currently associated with Eimeria 
infection, and presents a novel cytokine expressed during Eimeria infection.  
Although considered an effector and inducer of Th17 responses, IL-21 is highly 
pleiotropic in nature and further investigation is required to decipher its importance 
during Eimeria infection and its potential as a therapeutic target.  It would be 
interesting to investigate responses to Eimeria in IL21-/- chickens, to determine its 
importance to NK and CD8+ T cell cytotoxicity, CD4+ T cell responses, Eimeria-
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specific antibody production and the development of immune memory and 
protection, but also to the overall effect on parasite replication following infection.  
6.1.4 Biomarkers of resistance to Eimeria 
Following infection with protozoan parasites, IL-10 can be a factor in host 
susceptibility (Reed et al., 1994; Campbell et al., 2002) or in limiting 
immunopathology (Gazzinelli et al., 1996; Wilson et al., 2005).  IL-10 is associated 
with host susceptibility to Eimeria and it was previously shown that E. maxima 
susceptible line 15I exhibited higher gut IL10 expression than resistant line C.B12 
following infection (Rothwell et al., 2004).  In support of Rothwell’s findings, gut 
IL10 mRNA was generally higher in E. maxima-infected line 15I (susceptible) 
chickens than line C.B12 (resistant) chickens and serum IL-10 was increased to a 
much greater extent in susceptible line 15I than in line C.B12.  These results indicate 
IL-10 is potentially important in limiting immunopathology but when excessive 
levels are produced, as observed in line 15I, IL-10 is detrimental to clearance of the 
parasite and susceptibility ensues. 
This study is novel in that it investigated the kinetics of the innate immune response 
of two lines differing in their resistance to E. maxima and E. tenella.  While the study 
by Rothwell et al. (2004) found that IL-10 mRNA in the gut was higher in E. 
maxima-susceptible chickens during infection, it did not investigate the kinetics of 
early and late responses between the two lines.  A main finding of the present 
experiment was that at early time points (2 and 4 dpi), IFNG, IL10 and IL21 mRNA 
expression was higher in the gut of infected resistant line C.B12 birds than in line 
15I, but at later time points (5 to 8 dpi), expression was higher in infected line 15I 
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birds than line C.B12 suggesting that the timing of the immune response is an 
important factor in resistance to Eimeria, and early cytokine production is key to 
resistance following primary infection with E. maxima.  In addition, measuring IL-10 
as a biomarker for susceptibility to E. maxima is only valid at later time points.  A 
previous finding in murine Eimeria infection where cells taken from the mesenteric 
lymph nodes of E. vermiformis-resistant mice produce IFNγ earlier in response to 
stimulation with ConA or parasite antigen than susceptible mice supports this study 
in that rapid responses are important to resistance (Wakelin et al., 1993).   
Overall, very little difference was observed between the two lines following E. 
tenella infection and investigation of the responses of the two lines following a 
secondary E. tenella infection is warranted, as secondary infection is when 
differential resistance between these lines is exhibited (Bumstead et al., 1995).  
However, IL10 mRNA and protein in the caecum was higher at later time points (6 
and 7 dpi) in E. tenella-susceptible line C.B12 birds compared with resistant line 15I, 
as was IFNG mRNA in the caecum and serum IFNγ.  Although not proven, this 
could indicate that higher IL-10 and IFNγ may be biomarkers of susceptibility to E. 
tenella.  To confirm this, it would be necessary to determine if higher IL-10 and 
IFNγ correlated with susceptibility during secondary E. tenella infection, as this is 
when resistance and susceptibility to E. tenella is demonstrated.  Unfortunately, due 
to low availability of the inbred lines, it was not possible to proceed with a secondary 
infection in this study.  Due to the low levels of IL-10 and IFNγ in the sera of 
uninfected birds, serum IL-10 and IFNγ levels are unlikely to be suitable predictors 
of Eimeria resistance prior to infection.     
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6.1.5 IFNγ, IL-10 and IL-21 during Eimeria infection 
An overview of the cells likely producing IFNγ, IL-10 and IL-21 and the effector 
functions of these cytokines is given in Figure 6-1.  The role of IFNγ may be to 
inhibit parasite replication within the host, likely through enhancing inflammation 
and the phagocytic capacity of macrophages, and enhancing NK cell and CTL 
cytotoxicity and IFNγ production.  IL-10 and IL-21 are both pluripotent cytokines, 
produced by multiple cell types, and potentially fulfil multiple roles during Eimeria 
infection.  Although primarily considered a Th17 cytokine, IL-21 is also produced by 
CD8+ T, B and NK cells and is important for optimum Th1, memory and humoral 
responses during T. gondii infection (Stumhofer et al., 2013b).  Given the positive 
correlation between IL-21 and IFNγ in this study, it could be that IL-21 is involved 
in promoting IFNγ and Th1 responses.  IL-21 has been shown to induce IFNγ 
production in human primary NK and T cells (Strengell et al., 2002) and, during 
antigen presentation to NKT cells in mice, IL-21 stimulation of DCs results in 
increased IFNγ production by the NKT cells (Maeda et al., 2007).  The innate IL-21 
observed in this study up to 5 dpi is likely involved in inducing IFNγ production in 
innate cells, such as NK cells, during Eimeria infection whereas IL-21 produced at 
later time points more likely contributes to initiating and maintaining Th1 responses 
and the responses of CD8+ T lymphocytes, correlating with enhanced numbers of 
chB6+ and CD8α+ IELs (NK cells) and CD4+ and CD8+ LPLs (T cells and CTLs) in 
infected Ross 308 broilers (Chapter 4).  Alternatively, IL-21 may also be involved in 
regulating the inflammatory response.  In murine LPS-stimulated peritoneal 
macrophages, IL-21 reduced production of IL-1β, TNFα and IL-6 but did not affect 
IFNγ and IL-10 production (Li et al., 2013) and inhibits DC maturation and 
activation (Brandt et al., 2003).  During infection of the inbred lines (Chapter 5), 
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IL21 mRNA was increased following infection however IL6 was unchanged.  It is 
therefore possible that IL-21 down-regulated IL-6 production in these birds 
following Eimeria infection.   
 
 
Figure 6-1:  IFNγ, IL-10 and IL-21.  Overview of the cell types that could be producing 
IFNγ, IL-10 and IL-21 and the effector functions of these cytokines during Eimeria 
infection.  
 
As Th1 responses are required for successful immunity to the Eimeria parasite, it 
follows that IL-10 instigates susceptibility through limiting the efficacy of the Th1 
response.  However, IL-10 also correlates positively with IFNγ and IL-21 indicating 
that it may, to a degree, be important in limiting immunopathology.  In addition, IL-
10 also holds immuno-stimulatory properties which include enhancing proliferation 
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and Ig production in B cells (Rousset et al., 1992), enhancing proliferation of mast 
cells (Thompson-Snipes et al., 1991) and when combined with IL-18, enhancing NK 
cell cytotoxic activity and production of IFNγ (Cai et al., 1999).   
The relationship between IFNγ, IL-21 and IL-10 has been demonstrated elsewhere.  
In the Smyth line of chickens, an animal model for human vitiligo, IFNγ, IL-21 and 
IL-10 are co-expressed and coincide with a predominance of B and CD8+ T cells 
observed in vitiligo lesions (Shi et al., 2012).  In human systemic lupus 
erythematosus (SLE), IL-21 induces IL-10 production in activated CD4+ and CD8+ T 
cells (Spolski et al., 2009) and IFNγ production in CD8+ T cells during chronic 
lymphocytic choriomeningitis virus (LCMV) infection (Elsaesser et al., 2009; 
Fröhlich et al., 2009; Yi et al., 2009).  IL-21 is increased in the gut during human 
IBD and is produced by CD4+ T cells that also co-produce IFNγ (Sarra et al., 2010).  
Additionally, Th1 cells that co-produce IL-10 are also involved in other protozoan 
infections.  During T. gondii infection, IL-10 important to limiting 
immunopathology, is produced by Th1 cells that also co-express IFNγ and is thought 
to be a self-limiting mechanism of the Th1 response (Jankovic et al., 2007).  In 
contrast, during L. major infection, IL-10 produced by IFNγ-producing Th1 cells 
prevents complete clearance of the parasite (Anderson et al., 2007).   
6.1.6 General considerations and limitations 
Initially the IL-10 (1) primers and probe (Chapter 2 as published by Rothwell et al. 
(2004)) were used to measure IL-10 expression in BMM and BMDC cultures.  When 
measured in control Ross 308, line 15I or line C.B12 tissues, little or no IL10 mRNA 
was detectable, in line with the levels published by Rothwell et al. (2004).  However, 
it was observed that this primer and probe set returned unreproducible curves across 
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triplicate wells.  As IL-10 helps to maintain gut homeostasis (Mantovani et al., 
2014), it was expected that IL10 should be expressed in the gut of control birds.  The 
primers and probe were redesigned (IL10 (2)) and upon repetition of the RT-qPCR, 
IL10 was found to be expressed in tissues from both control and infected birds in 
both Ross 308 broilers and lines 15I and C.B12.  Expression of IL-10 in control 
tissues of other chicken lines was also assessed independently by other lab members 
using the EvaGreen® qPCR, employing a different primer set to those used in this 
study, and was found to be expressed at similar levels as observed in this trial, 
implying that IL10 mRNA is expressed in the gut under normal homeostatic 
conditions.   
The use of a scoring system to analyse changes to the cell sub-populations in the gut 
following Eimeria infection was decided upon as many cell clusters were observed 
throughout the gut and it was expected that these would lie close to the Eimeria 
parasite.  During Eimeria infection of Ross 308 broilers, this provided a suitable 
method to determine the general picture of how cell sub-populations changed 
following Eimeria infection and provided indications as to which cells were 
expressing the increased IFNG, IL10 and IL21 mRNA observed.  However, during 
Eimeria infection of the inbred lines, the use of the scoring system did not allow for 
detection of subtle differences between the lines and no apparent differences were 
discernible, in either control or infected birds.  To improve upon this and provide 
quantitative data on differences between the two lines, an automated method to 
analyse stained tissues to determine absolute numbers of cells present should be 
used.  However, due to time constraints, this was not possible in this study.  
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Alternatively, at the time of tissue collection, the IEL and LPL sub-populations could 
be analysed by FACS.   
Infection of Eimeria susceptible and resistant inbred lines revealed that an early 
immune response appears essential for resistance to E. maxima.  It would be 
necessary to perform histological analysis of tissues collected at earlier time points 
from E. maxima–infected inbred lines in order to associate which cell types are 
important in implementing the sharp increase in IFNG, IL10 and IL21 observed in 
resistant line C.B12 compared with that of line 15I.   
6.2 Future work 
The advent of gene editing technology has simplified the production of knock out 
animals.  Use of IL10 knockout chickens would determine if increased IFNγ and 
inflammatory responses were observed during Eimeria infection in the absence of 
IL-10, and if this resulted in reduced parasite burden or increased immunopathology.  
IL-21-deficient chickens would allow examination of IL-21 activities during Eimeria 
infection and would determine whether it is responsible for enhancing IFNγ-
mediated cellular responses and humoral immunity as during T. gondii infection 
(Stumhofer et al., 2013b).  The use of IL10 and IL21 knock out chickens would also 
define the influence that these cytokines have upon the production of one another and 
IFNγ.  In addition, it would be interesting to compare the level of immunopathology 
and parasite burden in chickens lacking in Th17-associated cytokines with their wild 
type counterparts to determine the contribution of Th17 cells to immunopathology or 
resolution of infection.   
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The early timing of the immune response appears to be fundamental for resistance to 
E. maxima however, as expected, no phenotypes were identified relating to resistance 
or susceptibility to primary infection with E. tenella.  RNA sequencing (RNA-Seq) 
of the gut tissue of the inbred lines would provide a wider overview of the immune 
response and possibly identify further differences in the immune phenotypes of the 
two lines.  Analysis of the phenotypic variances between the two inbred lines in 
response to a secondary E. tenella infection would also likely highlight potential 
biomarkers of resistance, as resistance in these lines is not displayed until secondary 
challenge with the Houghton strain of E. tenella as used in this study (Bumstead et 
al., 1995).   
The degree of severity of Eimeria infection is dependent upon multiple factors 
including the genotype of the host, the species and strain of Eimeria, the number of 
oocysts administered and previous exposure to Eimeria.  Here the responses of 
resistant versus susceptible chickens to E. maxima and E. tenella were compared but 
the influence of variation between different Eimeria spp. and strains on the final 
outcome was not evaluated.   It is a possibility that resistance and susceptibility is 
partially dependent on the ability of Eimeria to recognise, infect and replicate within 
different hosts.  It is not yet exactly clear how each Eimeria spp. recognises its 
preferred site of infection and resistance observed in some chicken lines could in part 
be due to a varying ability of Eimeria spp. to recognise and invade particular hosts 
thus influencing disease outcomes.  As already developed in the mouse (Sato et al., 
2009), the development of chicken gut organoid cultures will also present an 
attractive opportunity to study the interaction between sporozoites and host cells in 
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vitro, and to study if sporozoites can invade and replicate more efficiently in 
organoid cultures from susceptible hosts. 
6.3 Conclusion 
Understanding the immunological basis of resistance to Eimeria is of particular 
interest to the poultry industry.  With increasing pressure to deliver food security and 
improve the welfare of livestock, selectively breeding animals for disease resistance 
provides an attractive proposition.  This study identified IL-21 as a novel cytokine in 
the response to Eimeria infection, however its function, whether beneficial or 
harmful, is unclear and further study is required to determine its suitability as a target 
to improve the outcome of infection or as a biomarker of resistance.  The results of 
this study show that a rapid (up until 4 dpi) increase in jejunum IFNγ, IL-10 and IL-
21 mRNA production is related to resistance to E. maxima whereas at 6 and 7 dpi, an 
increase in IL-10 production in the serum and gut is related to susceptibility to E. 
maxima.  This indicates that high levels of IL-10 in the serum and gut are biomarkers 
of susceptibility to E. maxima at later time points.  From infection of the inbred lines 
it was evident that a relationship exists between IFNγ, IL-21 and IL-10 responses to 
Eimeria.  It is possible that maintenance of the correct balance of these cytokines is 
crucial to avoid either an excessive or insufficient inflammatory response.  These 
results provide a basis for further study to determine if these aspects of immunity are 
useful predictors of Eimeria resistance in commercial broiler populations, and to 
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